
/ 

AD 

*: 

Award Nunlber:  DAMD17-99-1-9474 

TITLE:  Role of Nitric Oxide in MPTP-Induced Dopatninergic Neuron 
Degeneration 

PRINCIPAL INVESTIGATOR:  Serge Przedborski, M.D., Ph.D. 
Vernice Jackson-Lewis, Ph.D. 

GONTIIACTING 0RGANI2;ATI0N:  Columbia University 
New York, New York 10032 

KEPORT DATE:  Septeinber 2003 

TYPE OF REPORT:   Annual 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The Views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or. decision unless so 
designated by other documentation. 

20040206 112 



REPORT DOCUMENTATION PAGE Form Approved 
0MB No. 074-0188 

Public reporting burden for this collecOon of Information Is estimated to average 1 hour per response, Indudlng the time for reviewing InsttucOons, searching existing data sources, gathering and malntalnina 
the clEla needed, and cbmpletlnS and reviewing this cdleclion of information. Send comments regarding this burden estimate or any other aspect of this collection of Information Including suggestions for 
redUcfrig this burden to Washington Headquarters Services, Directorate for Infomnation Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arilnaton. VA 22202-4302 and to ttie Office of 

. Management arid Budget, Papenmri< Reduction Project (0704-0188), Washington, DC 20503 

1; AGENCY USE ONLY 
(Li^ave blank) 

:.;;.B..-.l.-,.0-....".:.,l.  ,   , 

2. REPORT DATE 
September 2003 

3. REPORT TYPE AND DATES COVERED 
Annual (1 Sep 2002 - 31 Aug 2003) 

4. tlTI-E AND SUBTITLE 

Koie' of Nitric Oxide  in MPTP-Induced Dopaminfergic Neurotr 
Degeneratfioh 

e.AUTHOfttS) 
serge Prsiedborski,   M.D.,   Ph.D. 
yernice Jackson-Lewis,   Ph.D. 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Golurtibia tifriiversity 
NSw York,   New York     10032 

fii-liail:      spSO^cblutitibia.edu 

9.  SPONSORING / MONITORING 
AGENCY NAME(S) AND ADDRESS(ES) 

II.S.  Army Medical Research and Materiel Command 
Fort Detfick,   Maryland    21702-5012 

n. SUPPLEMENTARY NOTES 

Origiiial contains  color plates, 

B. FUNDING NUMBERS 
DAMD17-99-1-9474 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

All DTIC reproductions will be in black and white, 

12a. DISTRIBUTION/ AVAILABILITY STATEMENT 

Approved for Public Release; Distribution Unlimited 
12b. DISTRIBUTION CODE 

13; ABSTRACT'(Maximum 200 Words) """"     ■ '—^ 

S'T?T/SM En ^Tf^TJ^" role of mtric oxide (NO) in dopaminergic (DA) neuron death in the 
MPTP (l-melhyl-4.phenyl-l,2,3,6-tetraltydropyndine) mouse model of Parkinson's Disease (PD)  Hie Pi's 
Zfjytn ^* -r r'^Slf/"f't "^^ "^"^^ ^'^^^ ^^> ''^''^^'^ t° MPTP toxicity. Using this mouse 
Z H f ?n? ' ^ (SA) I Identifies which nitric oxide synthase (NOS) enzyme is the mJn culprit h 
^ i^n? f 1,       '"^r^^ *' 't"^^^ °^^^ of MPTP-treated mice. SA H (1) characterizes the upreSon 
nal^^onNrt ^^ c.tJ"^' ^'\^^ ^^> ^^^^^ *^ «ff«^*^ °f MPTP on the nigroS DA patow^ of iNOS^ko mice. SA m quantifies brain levels of dityrosine and nitrotyrosine, main markers of the 
deleterious efifecte of peroxynitnte on brain proteins whfle SA-IV assesses several c;ndidate pro^^L^^d 
co^^'^thf hi t? """ '' "'J of oxidative/nitrative attack following MPTP administration. All'of o^ dTto 
c^firm that both the superoxide radical and NO are indeed involved in the MPTP neurotoxic process in fte 

S;^gtesXl^r''''^' ""' '"'"^ ^'"^^ "^^^°^'^ ^^^^^^ ''^'^ - *^ ^-^ -^ 

14. SUBJECT TERMS ~  

Parkinson's tiisease,   MPTP,  Neurotoxin,   Superoxide Dismutase,   Free 
Radicals,  Nitric Oxide,   Transgenic Mice,   Knockout Mice 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 
NSN 7540-01-280-5500 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 

203 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 



Table of Contents 

Cover 1 

SF298 2 

Table of Contents 3 

Introduction. 

Statement of Work: Research Plan 5 

Research Accomplishments 6 

Reportable Outcomes 13 

Shortfalls and Recovery 16 

Conclusions 17 

References 21 

Appendices 22 



INTRODUCTION 
Parkinson's  Disease  is  a common  progressive neurodegenerative  disorder 

characterized mainly by resting tremor, slowness of movement, rigidity and postural 
instability (1), all the result of a severe loss of dopamine (DA) neurons in the substantia 
nigra pars compacta (SNpc) and a dramatic loss of dopaminergic fibres in the caudate- 
putamen (2). The prevelance of PD in North America alone is estimated at about 
1,000,000 individuals with 50,000 newly diagnosed cases each year (1). The most potent 
treatment for PD still remains the administration of a precursor of DA, levodopa (L- 
DOPA), which replenishes tiie brain in DA, thus relieving almost all PD symptoms. 
However, the chronic administration of L-DOPA brings its own set of baggage as it often 
causes motor and psychiatric side effects which can be as debilitating as PD itself (3). 
Therefore, witiiout undermining the importance of L-DOPA for the control of PD 
symptoms, it is urgent that we acquire a better and deeper understanding of the cause(s) 
of PD not only to prevent tiie disease but also to develop tiierapies aimed at halting the 
progression of the disease in those newly diagnosed patients who may not require the use 
of L-DOPA during the early phases of PD. Of tiie varied theories as to tiie causes of PD, 
tiie oxidative stress hypothesis is the most investigated theory. Consequently, of the 
various models used in PD research, the MPTP model is by far the model of choice to 
investigate the mechanisms involved in PD neurodegeneration (4). hi human, non-human 
primates, and in various mammalian species, MPTP causes a severe parkinsonian 
syndrome that rephcates almost all of the hallmarks of PD including tremor, rigidity, 
slowness of movement, postural instability and freezing. Both the responses and the 
compUcations to traditional PD medications are remarkably identical to tiiose seen in PD. 
Mounting evidence such as the production of reactive oxygen species like the superoxide 
radical and nitric oxide (NO) following MPTP administration support this oxidative 
stress hypotiiesis. Using transgenic mice tiiat overexpress human copper/zinc superoxide 
dismutase (SODl), the enzyme responsible for ridding the cell of the superoxide radical 
we demonstrated previously that the superoxide radical is indeed involved in the MPTP 
neurotoxic process (5). The superoxide radical has also been shown to be increased in 
various stroke models and in otiier neurodegenerative situations. Beckman et al (6, 7) 
suggested that NO may be tiie other culprit involved in the oxidative stress hypothesis 
and that the superoxide radical and NO, only modestly reactive by themselves, react with 
each other to form the highly reactive, tissue damaging peroxynitrite, which severely 
damages DNA, proteins, polypeptides, monoamines and enzymes (8). It is flie nitric 
oxide synthase (NOS) enzyme tiiat produces NO. Three distinct isoforms of the NOS 
enzyme exist. Neuronal NOS (nNOS) is the principle NOS isoform in the brain and is 
constitively expressed throughout the central nervous system (9) whereas endothelial 
NOS (eNOS) is found mainly in the endotiieUal layer of blood vessels and in very low 
concentrations in the brain (9). The third isoform of NOS, inducible NOS (iNOS), is not 
expressed at all or only minimally expressed in the brain (9). iNOS expression in the 
brain has been shown to be increased in pathological conditions such as stroke, AIDS and 
amyotrophic lateral sclerosis (10-12). In fact, iNOS expression has been demonstrated in 
tiie substantia nigra pars compacta (SNpc) of post-mortem brain tissues from PD patients 
(13) indicating tiiat an inflammatory response may be part of tiie progressive nature of 
PD. From previous experience, since we and ofliers have found tiiat nNOS knockout mice 



are only partially protected against MPTP's toxic effects (14), we surmised tiiat other 
NOS isoforms might indeed take part in MPTP-induced neurotoxicily. Therefore, based 
on the above information, it seemed germaine to our investigations into the causes of PD, 
to investigate the role of NO in tiie MPTP neurotoxic process. 

STATEMENT OF WORK 
Our overall long-term goal is the study of the pathogenesis of PD. To accomplish 

this, work in this project centers around the roles of the superoxide radical and NO in the 
MPTP neurotoxic process. The basis of our work is the oxidative stress hypothesis of PD 
which supports free radical involvement in the generation and progression of this 
debilitating disorder. Botii the superoxide radical and NO are proposed as contributors to 
DA neuron deatfi here, however, each is only modestly reactive, but can combine to 
produce peroxynitrite, which damages proteins, DNA, polypeptides, en2ymes and 
monoamines. Therefore, the overall objective of this project is to better understand the 
actual cascade of events that take place within the DA neuron following MPTP 
administration and which are ultimately responsible for the death of said neurons. 

Research Plan 
Specific Aim I: Determine the contribution of superoxide, NO or both to MPTP 
neurotoxicily by administering MPTP to different lines of mice which are genetically 
engineered to enhibit a greater capacity for detoxifying superoxide (transgenic 
copper/zinc superoxide dismutase {SODl} mice) and/or a lower neuronal capacity for 
synthesizing NO (neuronal NO synthase {nNOS} knockout mice) and by assessing the 
status of the nigrostriatal DA pafliway in these different types of animals following 
MPTP administration using high performance liquid chromatography (HPLC) and 
immunostaining with quantitative morphology. 
Specific Aimll: Determine the contiibution of inducible NOS (iNOS) to MPTP 
neurotoxicity by assessing iNOS protein expression and enzyme activity in different 
brain regions, at different time points and at different toxin concentrations in wild-type 
mice following MPTP administration. MPTP will also be administered to mice deficient 
in iNOS activity the status of their nigrostriatal DA pathway will be assessed by HPLC 
and immunostaining with quantitative morphology. 
Specific Aim HI : Assess peroxynitrite effects on protein tyrosine residues following 
MPTP administration by quantifying the two main products of peroxynitrite oxidation of 
tyrosine, difyrosine and nitrotyrosine by gas chromatography witii mass spectrometry. 
Quantification will be performed in different brain regions, at different time points and at 
different toxin concentrations in wild-type mice and in transgenic SODl, iNOS and 
nNOS knockout mice. 
Specific Aim IV: Examine tiie potential biological consequences of protein fyrosine 
nitration by assessing whether candidate proteins, mitochondrial electron transport chain 
polypeptides and manganese superoxide dismutase (MnSOD) are nitrated. This will be 
tested in PC-12 cells after exposure to different concentrations of and lengths of time of 
peroxyniti-ate and MPTP's active metabolite, MPP+ as well as in wild-type and in 
ti-ansgenic SODl, iNOS and nNOS knockout mice after MPTP administration. Tyrosine 
nitration will be ascertained by immunoprecipitation, Westem blot analysis and amino 



acid analysis. The catalytic activity of tiiese enzymes in both PC-12 cells and in mice 
experimemts will be done using spectrophotometric enzymatic assays. 

RESEARCH ACCOMPLISHMENTS 
Year One of the Award. 
During year I of tiie award, we addressed Specific Aim 11 which was to determine the 
source of NO in the SNpc following MPTP administration. Our major findings here were 
that (1) MPTP produces a robust glial response. To demonstrate this robust gUal 
response, we used tiie macrophage antigen-1 (MAC-1) and gUal fibrillary acidic protein 
(GFAP) as markers to gauge the responses of microgUa and astrocytes, respectively in the 
SNpc of C57/bl mice following MPTP administration. In saline-treated mice, only faint 
immunostaining for both MAC-1 and GFAP was observed. In the MPTP-treated animals, 
however, a strong gUal response was observed. Alterations in MAC-1 were evident as 
early as 12 hours after the last dose of our acute MPTP regimen (18 mg/kg x 4 doses over 
8 hours), peaked between 24 and 48 hours and was no different fi-om saline-treated mice 
at 7 days after MPTP administration. Conversely, GFAP changes were noted at 24 hours, 
reached maximum increases between 4 and 7 days and remained above control even at 21 
days after MPTP. Striatal responses for both antibodies were similar to tiiose of the SNpc. 
We noted that (2) MPTP stimulates iNOS expression in glial cells. In saline-treated 
mice, whereas the number of iNOS-positive cells in the SNpc were rare to non-existent, 
iNOS-positive cell numbers increased to 259% by 24 hours after MPTP treatment and 
retumed to control levels by 48 hours. Simultaneous staining techniques for iNOS and 
MAC-1 or GFAP were used to determine the nature of these iNOS-positive cells. 
Twenty-four hours after the last dose of MPTP at a time when the number of iNOS- 
positive cells reached Iheir peak in the SNpc, MAC-1-positive activated microgUa 
exhibited iNOS mmunoreactivity. No iNOS-positive staining was found in GFAP- 
positive cells nor were tiiey found in the striatum. Also noted was the fact that (3) iNOS 
niRNA levels and enzymatic activity increased dramatically after the acute regimen 
of MPTP administration. Here, saline-treated ventral midbrain, which contains the 
SNpc, showed very little iNOS mRNA, whereas iNOS mRNA levels in ventral midbrain 
fi-om MPTP-injected mice were detected as early as 12 hours ,reached maximum levels 
by 48 hours and was undetectable at 4 days after our acute regimen of MPTP 
administration. Striatal mRNA levels were low throughout the entire time course study. 
In agreement witii mRNA levels, iNOS enzyme activity increases were evident as early 
as 12 hours after MPTP injections and peaked at 48 hours then slowly retumed to control 
activity by 7 days. iNOS stiiatal enzymatic activity like iNOS mRNA levels was 
unaffected by MPTP throughout the entire time course. In tiiis stiidy, nNOS enzyme 
activity was consistently higher than iNOS enzymatic activity as well as unchanged 
following MPTP administi-ation. Since MPTP does increase iNOS expression and does 
up-regulate iNOS mRNA levels in normal wild-type mice after MPTP, absolute proof 
tiiat iNOS is indeed tiie primary source of NO in tiie MPTP neurotoxic process was 
obtained using mice deficient in the iNOS enzyme. Administering the same regimen of 
MPTP to iNOS knockout mice and examining the same time points, we forad that while 
29% of the tyrosine hydroxylase (TH)-positive neurons and 46% of tiie Nissl-stained 
SNpc survived the toxic assault of MPTP in wild-type mice, about twice as many TH- 
positive and Nissl-stained neurons in iNOS deficient mice survived the MPTP onslaught 



indicating that (4) iNOS is indeed the source of MPTP-induced NO production. 
Interestingly, striatal fibres in the iNOS deficient mice exhibited the same level of loss as 
the MPTP-treated wild-type littermates. To make sure that the decreased loss of TH- 
positive neurons in the iNOS deficient mice was not related to alterations in MPTP 
uptake and metabolism due to the lack of the iNOS gene, we measured striatal MPTP and 
MPP+ levels in our iNOS knockout mice compared to their wild-type littermates. We 
observed (5) no differences in MPTP and MPP+ levels in striata were noted between 
these two groups of mice. Finally, it is known that NO can damage DNA and nitrate the 
tyrosine residues in the phenolic rings of proteins and that nitrotyrosine (NT) is the 
indicator that NO has indeed reacted with the tyrosine residues of these proteins. In 
MPTP-treated wild-type littermates following MPTP, a significant presence of NT was 
noted in striatum and ventral midbrain. In contrast, in the iNOS deficient mice, whereas 
NT did increase, these increases were significantly less tiian tiiose observed in the wild- 
type littermates. Thus, (6) iNOS deficient mice have much less NT following our acute 
regimen of MPTP administration. This entire work was published in tiie journal Nature 
Medicine in 1999 (Volume 5 (12), pp. 1403-1409 (see attached publication). 

During the first year of this award, we also addressed the question put forfli in Specific 
Aim in, that of assessing peroxynitrite effects on protein tyrosine residues following 
MPTP administration by quantifykig the two main products of peroxynitrite oxidation of 
tyrosine, dityrosine and nitrotyrosine using gas chromatography with mass spectrometry. 
Analyses of oxidized amino acids were performed on freshly isolated tissues fi-om ventral 
midbrain which contains the SNpc, striatum, cerebellum and fi-ontal cortex and the 
compounds of interest had retention times tiiat were identical to authentic 3-nitrotyrosine 
(3-NT), ortho-tyrosine and o,o-dityrosine. In fliese studies we found tiiat (1) 3-NT was 
elevated in ventral midbrain and striatum of mice as early as 24 hours after MPTP 
treatment. Levels of 3-NT in ventral midbrain (+110%) and striatum (+90%) were 
markedly elevated following MPTP administration compared to saline-injected controls. 
It was noted that the observed increases were selective for regions of the brain that are 
susceptible to tiie neurotoxic effects of MPTP. Those regions that were not damaged by 
MPTP, cerebellum and frontal cortex, showed no changes in 3-NT levels. That (2) o,o- 
dityrosine was elevated in ventral midbrain (+120%) and striatum (+170%) 24 
hours after our acute regimen of MPTP administration was also noted. These results 
were strikingly similar to the increases found in 3-NT and were found only in those 
regions of the brain tiiat were affected by a toxic insult fi-om MPTP. In contrast to the 
changes in 3-NT and o,o-dityrosine found in ventral midbrain and striatum of these 
MPTP-treated mice, (3) no changes in ortho-tyrosine were observed in any of the 
analyzed brain regions. Since our theory is that the observed altered proteins were the 
result of exposure to peroxynitrite, we exposed, in vitro, homogenates prepared from 
ventral midbrain, striatum, cerebellum and frontal cortex to peroxynitrite, tyrosyl radical 
and the hydroxyl radical (HO). (4) Peroxynitrite exposure of the brain proteins for, 30 
minuets caused both significant and similar increases in 3-NT (80 fold) in all brain 
regions indicating that peroxynitrite does indeed damage brain proteins. Ortho-tyrosine 
and 0,0-dityrosine levels, however, increased only 2-3 fold. To generate tiie tyrosyl 
radical, we used an in vitro myeloperoxidase-tyrosine-H202 generation system, then 
exposed the various brain region homogenates to tiie generated tyrosyl radical. (5) The 



major product of this reaction was o,o-dityrosine and all homogenates from the 
different brain regions exhibited similar increases in this compound. There were no 
changes in 3-NT or in ortho-tyrosine in any region. Recent evidence suggests that tiie 
myeloperoxidase-H202 system will convert ^osine into 3-NT in a reaction that requires 
nitrite, a degradation product of NO. Addition of nitrite to this system caused tiie 
appearance of 3-NT levels tiiat were similar to tiiose 3-NT levels found in mice following 
MPTP administration. To complete our studies here, we exposed our brain region 
homogenates to a HO-generating system tiiat contained copper and H2O2. In this system, 
(6) while levels of 3-NT remained unchanged, levels of ortho-tyrosine and 0,0- 
dityrosine increased significantly with ortho-tyrosine levels being 10-fold higher 
than those of 0,0-dityrosine. All tiiree compounds can be considered markers of proteins 
damaged by exposure to NO in its various forms. This study was published in 1999 in tiie 
Joumal of Biological Chemistry, Volume 274, pp. 34621-34628. 

Year Two of the Award 
During year II of this award, since endotheUal NOS (eNOS) is an isoform of tiie NOS 
enzyme, as part of Specific Aim I, we assessed the contribution of this isoform of NOS to 
the production of NO in the MPTP neurotoxic process. Our reasoning was that since the 
single main determining factor of the MPTP neurotoxic process is its conversion to 
MPP+ in glial cells in tiie brain, tiie absence of flie eNOS gene covild affect striatal blood 
flow thus compromising striatal MPP+ levels and tiie MPTP neurotoxic insult itself For 
these studies, eNOS deficient mice and in C57/bl mice from Charles River Laboratories 
were given our acute regimen of MPTP (18mg/kg, i. p.) or saline at 2 h intervals and 
sacrificed at selected time points after the last injection. Brains were quickly removed and 
striatum, ventral midbrain, frontal cortex and cerebellum were dissected out, frozen on 
dry ice and stored at -80°C for Westem blot analyses and monoamine and striatal MPP+ 
levels. Mice treated similarly were also sacrificed for fresh-frozen and perfiised brains. 1) 
Analysis of striata from eNOS deficient mice and their wild-type littermates 
revealed no significant differences in MPP+ levels between the two groups of mice. 
Examination of ventral midbrain tissue optical density for Westem blot analyses from 
eNOS deficient control, saline and MPTP-treated mice 2) showed a specific band at 135 
kDa indicating eNOS expression and that at no time during the time course study 
(0, 1, 2, 4, 7 days after MPTP administration) did MPTP alter eNOS protein 
expression levels. Total mRNA was extracted from ventral midbrain from saline and 
MPTP-injected mice at the same time points as before for RT-PCR amplification and 
quantification of eNOS and GAPDH. Following amplification, electrophoresis, and 
exposure to radioactivity, quantification by optical density 3) showed that the 
expression of eNOS mRNA remained unchanged throughout the entire MPTP time 
course. To determine whether any change in eNOS immunostaining occurred in the 
SNPc, we performed immunohistochemistry for eNOS. 4) In saline-injected mice, there 
was a dense network of eNOS positive blood vessels. Positive unmunostaining 
showed a homogenious distribution of blood vessels of varying sizes over the entire 
midbrain. No alternation in eNOS intensity of staining was seen in the midbrain 
after MPTP intoxication. In striatal sections, eNOS immunostaining was not as 
intense as in the midbrain. Also, no differences in eNOS immunoreactivity were 
noted among saline-injected and MPTP-treated mice at any timepoint. Results for 



NADPH histochemistry were similar to eNOS immunohistochemistry. In any 
experiment involving MPTP, it is necessary to count the total number of TH-positive 
neurons that remain following the MPTP toxic insult. In this case, the total numbers of 
TH-positive and Nissl-stained neurons in fte SNpc were counted using stereology. TH- 
and Nissl-stained neurons were counted in the right SNpc of every fourth section 
throughout the entire extent of the SNpc. 5) In wild-type and eNOS deficient mice, 
there was a large number of TH- positive ceU bodies intermingled with a dense 
network of TH-positive fibers within the SNpc and there was no significant 
difference in the number of neurons between the two groups of saline-injected 
controls. In wild-type mice, 37 % of the SNpc neurons and 62% of the Nissl-stained 
SNpc neurons survived at 7 days after the 18 mg/kg acute MPTP regimen; the loss 
of both TH and Nissl-stained neurons in the eNOS deficient group was not 
statistically different from the wild-type group following MPTP dministration. Thus, 
our conclusion from these experiments was that while nNOS and iNOS both played a role 
in tiie MPTP neurotoxic process, eNOS has no such role. 

Since we have demonstrated that nNOS and iNOS are both involved in the MPTP 
neurotoxic process, that we can partially block the NOS enzyme with 7-nitroindazole, 
and that iNOS is the principal here, a logical extension of Specific Aim II would be Ihe 
pharmacological blockade of iNOS upregulation. For this, we used minoc^cline a 
second-generation semi-synthetic tetracycline antibiotic, tiiiat is a potent inhibitor of 
microgUal activation independent of any anti-microbial action. Its effectiveness as a 
neuroprotective agent was demonstrated againat experimental brain ischaemia and 
disease progression in Ihe R6/2 mouse model of Huntington's disease. In the MPTP 
mouse model pf PD, minocycline (1) attenuated MPTP-induced SNpc dopaminergic 
neurodegeneration. Varying doses of minocycline 1.4-45 mg/kg x 2 daily) effectively 
increased significantly the number of surviving TH-positive neurons in Ihe SNpc of mice 
given our acute regimen of MPTP (18 mg/kg x 4 doses over 8 hours). This protection was 
dose dependent in that while neuroprotection was not seen with 1.4 mg x 2 daily dosing, 
sUght neuroprotection was seen with 5.625 mg/kg x 2 daily dosing and maximal 
protection (50%) occurred at 11.25 mg/kg x 2 daily and higher. Sparing of SNpc 
dopaminergic neurons does not always correlate with fte sparing of their corresponding 
fibres which are essential for maintaining dopaminergic neurotransmission. Thus, we 
examined the striatal fibres for a neuroprotective effect using both the 18mg/kg and the 
16 mg/kg acute dosing regimen dosage of MPTP and the varying doses of minocycline. 
We found that whereas minocycline offered striatal fibres no protection against the 
higher dose of MPTP, it did protect these fibres against the 16 mg/kg dose of MPTP. 
A significant part of the MPTP neurotoxic process is mediated by NO-related oxidative 
damage the extent of which can be evaluated by assessing nitrityrosine formation. As 
before, we found that nitrolyrosine levels were significantly increased in ventral midbrain 
following MPTP administration. We also noted that these increases in nitrolyrosine levels 
were significantly smaller when minocycline in the presence of minocycline. Thus, 2) in 
the presence of minocycline, MPTP-induced nitrotyrosine level increases were 
significantly smaller than m the non-minocycline-treated mice. One can not estabhsh 
with certainty tiiat a compound is neuroprotective unless one demonstrates that the 
metaboUsm of the offending agent is not interfered with at any time along its metabohc 



pathway. In comparing striata from MPTP only with MPTP-minocycline treated mice, 3) 
90 mins after MPTP administration, results showed that striatal levels of MPP+ 
were not different between these two groups of mice. In experimental brain ischaemia, 
the neuroprotective effect of minocycline is reported to be due to its inhibition of 
microglial activation and proliferation. Part of the MPTP neurotoxic insult is a microglial 
response. Thus, we examined whether the neuroprotection afforded to SNpc 
dopaminergic neurons in the MPTP mouse model by minocycline is due to its inhibition 
of microglia activation. Mice were treated as per usual with the 18 mg/kg acute regimen 
of MPTP only or in combination witii minocycline (45 mg/kg x 2 daily). As in previous 
experiments, MPTP alone elicited a robust microgUal activation and a significant GFAP 
upregulation in tiie ventral midbrain 24 hours after the last injection. In mice treated with 
the minocycline-MPTP combination, 4) although GFAP mRNA and immunostaining 
in the ventral midbrain and striatum remained as high and as intense as the MPTP 
only group, ventral midbrain MAC-1 immunostaining was similar to saline injected 
control mice. Since minocycline attenuated tiie MPTP-induced microghal activation, we 
theorized that it should attenuate the production of some of tiie noxious mediators known 
to result from microglial activation. We found 5) that the pro-inflammatory cytokine 
interleukin-lBeta (IL-IB) was indeed increased significantly following MPTP 
administration and that minocycline (45mg/kg x 2 daily) sigmificantly reduced this 
increase. Furthermore, the MPTP-induced upregulation of iNOS and NADPH 
oxidase, two prominent enzymes found in activated microglia that produce NO and 
reactive oxygen species (ROS), was completely abolished in the presence of 
minocycline. NO and ROS are both products of MPTP intoxication and can react with 
each otiier to produce peroxynitrite which is known to damage proteins, DNA amono 
acids and even monoamines. The goals of Specific Aim IV were to examine the 
biological consequences of protein nitration by assessing whether candidate proteins such 
as MnSOD and mitochondrial electron chain polypeptides as well as any other proteins 
mi^t be nitrated following MPTP intoxication. Using cell culture involving HEK293 
cells transfected to overexpress the human alpha-synuclein presynaptic protein, we found 
that 6) following exposure to peroxynitrite, the alpha-synuclein in these cells was 
nitrated as demonstrated by immunoprecipitation techniques. This situation was 
replicated in vivo in the MPTP mouse model as we saw (7) nitration of alpha synuclein 
as early as 4 hours after the last dose of MPTP. No nitration of other presynaptic 
proteins such as B-synuclein and synaptophysin was noted. 

Year Three and Year Four of the Award. 
All of the work in wild-type C57/bl mice has been completed. The remainder of the 
proposed studies uses transgenic mice overexpressing wild-type SODl, nNOS and iNOS 
knockout (ko) mice, and crosses between SODl and nNOS.ko and SODl and iNOS.ko 
mice. Since we have demonstrated that both the superoxide radical and NO are involved 
in the MPTP neurotoxic process, we now wished to dampen the effects of tiie MPTP 
toxic insult. The first part of our studies were done using wild-lype C57/bl mice, thus, we 
transferred the SODl transgene into a C57/bl genetic background by applying the 
backcross system between hemizygote transgenic SODl mice and wild-type C57/bl mice 
at least seven times to assure that almost all of the alleles from the original strain were 
replaced followed by brotiier-sister matings. This breeding system took close to one year 
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and these animals are viable. Roughly 50% of each litter overexpress the SODl human 
transgene. 

The breeding of nNOS knockout mice was not as straightforward as we tiiought it would 
be. These mice were originally in a mixed 129 SvEv agouti -C57^1 background thus we 
first had to transfer tiie nNOS.ko gene into a C57/bl background using the backcross and 
brotiier-sister mating system. We bred the few homozygote nNOS.ko mice that we had 
with C57/bl females (Jackson Labs) to obtain nNOS heterozygotes. Brother-sister mating 
of tiie resulting heterozygotes was tiien done to obtain nNOS.ko mice. What we found 
was that this crossing of heterozygote x heterozygote did not respect Mendalian genetics 
(25/50/25)' Although they were viable, fi-om our breeding program, we were lucky' if one 
mouse per litter was a nNOS.ko mouse. Thus acquiring the numbers needed was not so 
fiiiitfiil. After a number of failed attempts, we decided to try and buy these animals 
($338.00 per breeding pair) fi-om Jackson Labs. We spent a number of months going back 
and fortti with tiiem only to be informed that they were having problems witii their 
colonies of nNOS.ko mice and that we would have to wait until they solved their 
problems witii this colony. In April of 2003, Jackson Labs informed us that they had 
ciyopreserved this line of mice. We assumed that this cryopreservation occurred because 
tiiey did not solve their colony problems. We thus have looked to other investigators who 
may have these mice and who were maybe more successfid in tiieir breeding programs. 
This approach has been partially successfijl. Attempts to crossbred SODl with nNOS.ko 
was also a problem in tiiat this S0Dl7nN0S''' cross was indeed a rarity per Utter. 

The breeding of iNOS ko mice proved to be almost as problematic as nNOS.ko mice. 
Litter size was usually 8-10 pups however, motiiers in many cases ate their young or did 
not care for tiiem. Thus, a significant number of iNOS pups died before they reached 
weaning age. Jackson Labs carries this line of mice also, so we decided to purchase adult 
iNOS.ko mice fi-om this vender. Production of these mice, already in a C57/bl 
background, at Jackson Labs is, however, intermittent and one is allowed to purchase 
only 10 iNOS.ko mice at any one time making it difficult to obtain sufficient numbers for 
any one experiment. Crosses witihi SODl were problematic as well yielding maybe 1 to 
none SODlViNOS''' mouse per litter. While we were conducting tiie breeding program, 
we published several articles in peer-reviewed joumals relevant to the subject of the role 
of NO in MPTP neurotoxicily. 

KEY ACCOMPLISHMENTS RESULTING FROM TfflS 4 YEAR AWARD. 
Specific Aim I 

Bofli the iNOS and nNOS enzymes are involved in tiie MPTP neurotoxic process. 
The SNpc of botii iNOS and nNOS mknockout mice is only partially protected 
against tite damaging effects of MPTP. 

eNOS is expressed in blood vessels in the brain, but is not involved in MPTP 
neurotoxicity in the SNpc as (1) content and peak time of MPP+ levels show no 
differences between wild-type and eNOS deficient mice; (2) mRNA and protein 
levels of tiie eNOS gene are unchanged in the ventral midbrain following MPTP 
treatment in eNOS deficient mice; (3) tiie loss of botii TH.- and Nissl-stained 
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neurons between wild-type and eNOS deficient mice were not statistically 
different following MPTP administration. 

Specific Aim II 
iNOS seems to be the main NOS enzyme and the main producer of the NO 
involved in the MPTP neurotoxicity and degeneration of DA neurons ; it is up- 
regulated in microglia in the Snpc of MPTP-treated mice. iNOS mRNA is also 
up-regulated here. 

MPTP-induced toxicity in the SNpc can be attenuated with minocycline, a second 
generation semisynthetic tetracycline antibiotic. 

Minocycline inhibits the inflammatory response in the SNpc induced by MPTP 
and characterized by microglial activation. 

Minocycline prevents three key microglial-derived mediators of cytotoxicity 
following MPTPadministration: iNOS upregulation, formation of mature IL-lfi 
and activation of NADPH oxidase. 

NADPH oxidase is induced in the SNpc of MPTP-treated mice, is expressed in 
activated microglia and is the source of the superoxide radical in MPTP-mediated 
microglial activation. Subunits of NADPH oxidase such as GP^^ is also up- 
regulated in the SNpc in PD and following MPTP; inactivation of NADPH 
attenuates the MPTP effect by mitigating inflammation.. 

The cyclooxygenase 2 (COX-2) enzyme expression is induced vwthin SNpc DA 
neurons in postmortem PD samples and in the SNpc of MPTP-treated mice during 
their degenerative process. This up-regulation of the COX-2 enzyme occurs 
through a c-jun kinase (JNK)/ c-jun dependent mechanism. Both ablation and 
inhibition of COX-2 attenuates MPTP-induced DA neuron degeneration in the 
SNpc of mice possibly by decreasing the level of damage. 

Specific Aim HI 
Documentation of the existence of peroxynitrite and tiie regional quantification of 
protein oxidation markers 3-nitrotyrosine, o,o-dityrosine and orfliotyrosine in the 
MPTP mouse model of Parkinson's disease. This suggests tyrosyl radical and 
peroxynitrite involvement and may be mediated through tiie myeloperoxidase 
heme protein secreted by activated phagocytes. 

Demonstration that tyrosine hydroxylase is nitrated in flie SNpc and inactivated 
following MPTP administration. 

Specific Aim IV 
Examination and demonstration of the inactivation of tyrosine hydroxylase as a 
result of the nitration of tyrosine residues in HEK293 cells exposed to 
peroxynitrite. 
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Demonstrated the up-regulation, nitration and oxidative modification of alpha 
synuclein protein in neurons in the SNpc of MPTP-treated mice. All synuclein- 
positive neurons were also TH-positive 

Showed that the blockade of the complex I enzyme by MPTP, which increases the 
production of the superoxide radical, can be overcome by infijsion of the ketone 
body D-B-hydroxybutyrate (D-BHB) which enhances the functional operation of 
complex n thus partially protecting against MPTP-induced DA neuron 
degeneration, improves mitochondrial respiration and increases ATP production. 
This suggests that the complex I enzyme, a possible candidate protein for 
interaction with NO, may be nitrated thus prevented fi-om passing electrons down 
the mitochondrial chain. 

REPORTED OUTCOMES FROM TfflS 4 YEAR AWARD. 
Manuscripts 
Pennathur S, Jackson-Lewis V, Przedborski S, Heinecke JW. Mass spectrometnc 

quantification of 3-nitrotyrosine, ortho-tyrosine, and o,o'-dityrosine in brain tissue 
of l-methyl-4-phenyl-l,2,3, 6-tetrahydropyridine-treated mice, a model of oxidative 
stress in Parkinson's disease. J Biol Chem, 274, 34621-34628,1999. 

Liberatore G, Jackson-Lewis V, Vukosavic S, Mandir A, Vila M, McAulifife WF, 
Dawson VL, Dawson TM, Przedborski S. Inducible nitric oxide synthase stimulates 
dopaminergic neurodegeneration in the MPTP model of Parkinson's disease. 
Nature Medicine, 5,1403-1409,1999. 

Vila M, Vukosavic S, Jackson-Lewis V, Jakowec M, Przedborski S. a-Synuclem 
upregulation in substantia nigra dopaminergic neurons following administration of 
the Parkinsonian toxin MPTP. J. Neurochem., 74, 721-729,2000. 

Przedborski S. Vila M, Jackson-Lewis V, Dawson TM. Reply: a new look at the 
pathogenesis of Parkinson's disease. Trends Pharmacol Sci 21, 65,2000. 

Przedborski S.. Jackson-Lewis V., Djaldetti R., Liberatore G, VilaM., Vukosavic S., and 
Aimer G. The parkinsonian toxin MPTP: action and mechanism. Restor. Neurol. 
Neurosci., 16,135-142, 2000. 

Vila M, Jackson-Lewis V, Vukosavic S, Djaldetti R, Liberatore G, Offen D, Kerseymere 
SJ, Przedborski S. Bax Ablation Prevents Dopaminergic Neurodegeneration in tiie 
MPTP Mouse Model of Parkinson's Disease. Proc. Natl. Acad. Sci. USA, 98, 
2837-2842,2001. 

Przedborski S. Chen Q, Vila M, Giasson BI, Djeldatti R, Vukosavic S, Souza JM, 
Jackson-Lewis V, Lee VMY, Ischiropoulos H. Oxidative post-translational 
modifications of a-synuclein in the MPTP mouse model of Parkinson's disease. J. 
Neurochem., 76, 637-640, 2001. 

Przedborski S. Jackson-Lewis V, Naini AB, Jakowec M, Petzinger G, Miller R, Akram 
M. The Parkinsonian Toxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP): 
a Technical Review of Its Utility and Safety. J. Neurochem. 76,1265-1274,2001. 

Vila M, Jackson-Lewis V, Guegan C, Chu Wu D, Teismann P, Choi DK, Tieu K, 
Przedborski S. The role of gUal cells in Parkinson's disease. Curr Opin Neurol, 
14:483-489,2001. 
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Blanchard-Fillion B, Souza JM, Friel T, Jiang GC, Vrana K, Sharov V, Baron L, 
Schoneich C, Quijano C, Alvarez B, Radi R, Przedborski S. Femado GS, Horwitz J, 
Ischiropoulos H. Nitration and inactivation of tyrosine hydroxylase by 
peroxynitrite. J Biol Chem 276:46017-23,2001. 

Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, Vadseth C, Choi DK, 
Ischiropoulos H, Przedborski S. Blockade of microglial activation is 
neuroprotective in the l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine mouse model 
of Parkinson disease. J Neurosci 22,1763-1771,2002. 

Dauer W, Kholodilov N, Vila M, Trillat AC, Goodchild R, Larsen KE, Staal R, Tieu K, 
Schmitz Y, Yuan CA, Rocha M, Jackson-Lewis V, Hersch S, Sulzer D, Przedborski 
S, Burke R, Hen R. Resistance of alpha -synuclein null mice to tiie parkinsonian 
neurotoxin MPTP. Proc Natl Acad Sci U S A (2002) 99:14524-14529. 

Teismann P, Choi DK, Tieu K, Wu DC, Naini A, Hunot S, Vila M, Jackson-Lewis V and 
Przedborski S. Cyclooxygenase-2 is instrumental in Parkinson disease 
neurodegeneration. Proc Natl Acad Sci USA (2003) 100: 5473-8. 

Wu DC, Teismann P, Tieu K, Vila M, Jackson-Lewis V, Ischiropoulos H and 
Przedborski S. NADPH oxidase mediates oxidative stress in the l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine model of Parkinson's disease. Proc Natl Acad Sci USA 
(2003) 100: 6145-50. 

Tieu K, Perier C, Caspersen C, Teismann P, Wu DC, Yan SD, Naini A, Vila M, Jackson- 
Lewis V, Ramasamy R and Przedborski S. J Clin Invest (2003) 112: 892-901. 

Reviews, Cliapters and Editorials 
Przedborski S, Jackson-Lewis V. ROS and Parkinson's disease: a view to a kill, in Free 

radicals in brain pathophysiology, Eds. PoH G., Cadenas E., and Packer L., pp. 273- 
290. Marcel Dekker, Inc., New York 2000. 

Przedborski S. Advances in our understanding of MPTP action and mechanism. In 
Neurotoxic factors in Parkinson's disease and related disorders. Eds. Storch A., 
Collins M. A. Plenum PubUsher. New York. pp. 41-53,2000. 

Przedborski S, Dawson TM. The role of nitric oxide in Parkinson's disease. In Methods 
in Molecular Medicine, vol. 62: Parkinson's disease: Methods and Protocols. Ed. 
Mouradian MM, pp.113-136,2001. 

Przedborski S, Vila M. The last decade in Parkinson's disease research: basic science. In 
Parkinson's disease: Advances in Neurology, vol 86. Eds. Calne D, Calne S. 
Lippincott Williams & Wilkins. Philadelphia, pp. 177-186,2001 

Vila M, Jackson-Lewis V, Guegan C, Wu DC, Teismann P, Choi DK, Tieu K, 
Przedborski S. The role of gUal cells in Parkinson's disease. Curr Opin Neurol, 
14:483-489,2001. 

Przedborski S. Vila M. The last decade in Parkinson's disease research. Basic sciences. 
Adv Neurol, 86:177-186, 2001. 

Przedborski S. Advances in our knowledge of MPTP action and mechanism. In: 
Excitatory amino acids: ten years later. Eds. Turski L., Schoepp D.D., Cavalheiro 
E.A. lOS Press. Washington DC. Pp. 309-318, 2001. 

Vila M, Wu D C, Przedborski S. Engineered modeling and the secrets of Parkinson's 
disease. Trends Neurosci 24(11 Suppl), S49-55,2001. 
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Przedborski S. and Vila M. MPTP: a review of its mechanisms of neurotoxicity. Clinical 
Neuroscience Research 1, 407-418,2001. 

Wu DC, Tieu K, Cohen O, Choi DK, Vila M, Jackson-Lewis V, Teismann P, and 
Przedborski S. Glial cell response: A pathogenic factor in Parkinson's disease. 
XNeuroviroL, 8, 551-558,2002. 

Przedborski S.. Jackson-Lewis V., Vila M., Wu D.C., Teismann P., Tieu K., Choi D.G. 
and Cohen O. Free radicals and nitric oxide toxicity in Parkinson's disease. 
Advances in Neurology;91, 83-94,2003. 

Przedborski S, Vila M, Jackson-Lewis V. Neurodegeneration: What is it and where are 
we? J.ClinJnvest, 111,3-10,2003. 

Vila M. and Przedborski S. Targeting programmed cell death in neurodegenerative 
diseases. Nature Reviews in Neuroscience (2003) 4(5):365-75. 

Przedborski S. and Vila M. The l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine mouse 
model: a tool to explore the pathogenesis of Parkinson's disease. Annals of the 
New York Academy of Sciences (2003) 991:189-98. 

Teismann P., Vila M.. Choi D.K., Tieu K., Wu D.C, Jackson-Lewis V. and Przedborski 
S. COX-2 and Neurodegeneration in Parkinson's Disease. Annals of the New York 
Academy of Sciences (2003) 991:272-7. 

Tieu, K., Ischiropoulos, H., and Przedborski, S. Nitric oxide and reactive oxygen species 
in Parkinson's Disease. lUBMB Life (2003) 55: 329-35. 

Dauer, W and Przedborski, S. Parkinson's Disease: Mechanisms and Models. Neuron 
(2003) 39: 889-909. 

Astracts 
Vila M, Vukosavic S, Jackson-Lewis V, Przedborski S. Time dependent changes in 

synuclein expression after MPTP intoxication. 51* Aimual meeting of the 
American Academy of Neurology, Toronto April 1999. Neurology 52, A344,1999. 

Liberatore G, Jackson-Lewis V, Przedborski S. Increased iNOS expression and activity in 
the mouse substantia nigra following MPTP treatment. 51* Annual meeting of the 
American Academy of Neurology, Toronto April 1999. Neurology 52, A344,1999. 

Djeldetti R, Jackson-Lewis V, Liberatore G, Vukosavic S, Przedborski S. Relationship 
between NADPH-diaphorase and protein inhibitor of neuronal NOS (PE^J) in 
dopaminergic neurons of the nigrostriatal pathway. 51 Annual meeting of the 
American Academy of Neurology, Toronto April 1999. Neurology 52, A347,1999. 

Vila M, Jackson-Lewis V, Vokosavic S, Przedborski S. Imphcation of a-synuclein in 
dopaminergic neurodegneration gfellowing MPTP intoxication. 29th meeting of the 
Society for Neuroscience Miami. Society for Neuroscience Abstracts 25, 49, 
1999. 

Liberatore G, Jackson-Lewis V, McAuliff G, Mandir A, Dawson TM, Przedborski S. Roe 
of iNOS in MPTP neurotoxicity. 29fli meeting of the Society for Neuroscience 
Miami. Society for Neuroscience Abstracts 25,1088,1999. 

Vila M., Jackson-Lewis V., Djaldetti R., Vukosavic S., Ofifen D., Kerseymere S.J., 
Przedborski S. The pro-apoptotic protein Bax induces dopaminergic 
neurodegeneration in the MPTP mouse model of Parkinson's disease. 30th meeting 
of flie Society for Neuroscience New Orleans. Society for Neuroscience Abstracts 
26,11,2000. 
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Vila M., Jackson-Lewis V., Vukosavic S., Djaldetti R., Offen D., Kerseymere S.J^ 
Przedborski S. The pro-apoptotic protein Bax induces dopaminergic 
neurodegeneration in the MPTP mouse model of Parkinson's disease. 6* 
International Congres of Movement Disorders, Barcelona, Spain 2000. Mov. 
Disorder, 15 (Suppl. 3), 27,2000. 

Jackson-Lewis V., Liberatore G., Vila M., Przedborski S. Chronic MPTP: a truer model 
of Parkinson's disease. SOtii meeting of the Society for Neuroscience New Orleans. 
Society for Neuroscience Abstracts 26, 754,2000. 

Tieu K., Vila M., Jackson-Lewis V., Zhang H. P., Stem D. M., Yan S. D., and 
Przedborski S. Amyloid P alcohol dehydrogenase prevents dopaminergic 
Neurodegeneration in the MPTP-mouse model of Parkinson's disease (2001). 
Society for Neuroscience 31st Annual Meeting (2001), San Diego, California. 

Dauer W. T., Kholodilov N. G., Vila M., Trillat A. C, Staal R. G., Larsen K. E., 
Goodchild R. E., Tieu K., Schmitz Y., Przedborski S.. Burke R. E., and Hen R. 
(2001) a-synuclein null mice are resistant to MPTP-induced Neurodegeneration. ). 
Society for Neuroscience 31^ Annual Meeting (2001), San Diego, California. 

Vila M., Tieu K., Guegan C, Jackson-Lewis V. and Przedborski S. Recruitment of flie 
mitochondrial-dependent apoptotic pathway in the MPTP mouse model of 
Parkinson's disease. UDALL Center Meeting, Boston, USA, 2002 

Vila M., Choi D.K., Jackson-Lewis V., Tieu K., Teismann P. and Przedborski S. DNA 
damage and p53 activation modulate Bax-dependent dopaminergic cell death in the 
MPTP mouse model of Parkinson's disease. Society for Neuroscience 32^ Annual 
Meeting, Orlando, USA, 2002. 

Choi D.K., Vila M., Jackson-Lewis V., Heinecke J. and Przedborski S. Mice lacking 
myeloperoxidase are resistant to dopaminergic neurodegeneration in the 1-methyl- 
4-phenyl-l,2,3,6-tetrahydropyridine mouse model of Parkinson's disease. Society 
for Neuroscience 32** Annual Meeting,   Orlando, USA, 2002. 

Cohen O.S., Tieu K., Jackson-Lewis V., Vila M., Marks D., Fahn S. and Przedborski S. 
An accurate and repoducible method for quantifying dopaminergic neurons in the 
MPTP mouse model of Parkinson's disease. Society for Neuroscience 32** Annual 
Meeting, Orlando, USA, 2002. 

Teismann P., Jackson-Lewis V., Tieu K., Vila M. and Przedborski S. Pharmacological 
inhibition of COX-2 provides neuroprotection in the MPTP-mouse model of 
Parkinson's disease. Society for Neuroscience 32^ Annual Meeting, Orlando, 
USA, 2002. 

Jackson-Lewis V., Wu D.C., Tieu K., Teismann P., Vila M., Salvemini D., Ischiropolous 
H. and Przedborski S. M40401, a SOD mimetic, attenuates dopaminergic neuron 
death in the MPTP mouse model of Parkinson's disease. Society for Neuroscience 
32*' Annual Meeting, Orlando, USA, 2002. 

SHORTFALLS AND RECOVERY 
The work in the genetically engineered mice has not been completed. In fact, because of 
the breeding problems, we have been forced to investigate other avenues, be it 
mammalian or pharmacological, to make up for these shortfalls. While SODl 
overexpressers pose no problem, nNOS and iNOS do. We have, however, been promised 
a limited number of nNOS.ko mice and we can purchase limited numbers of iNOS.ko at 

16 



any one time. Thus, to examine our original question on tiie role of NO in MPTP-induced 
dopaminergic neuron degeneration for Specific Aim I, we will administer a SOD-minetic 
compound (M40401) to nNOS and iNOS knockout mice with a lower capacity for 
synthesizing NO and to wild-type mice (all in a Q51lh\ Jackson Labs background). We 
wiU then assess the status of the nigrostriatal dopaminergic pathway in these diffenent 
lines of mice following MPTP and in the absence of and in the presence of M40401 using 
high performance hquid chromatography (HPLC) and immunostaining with quantitative 
morphology. Because of the hmited numbers of both iNOS and nNOS knockout mice, we 
will use Vz of the brain for HPLC and the other V2 for morphological studies. To test the 
feasibility of this approach, we have experimented with this type of protocol for 
samplings in normal mice and have found no differences between using whole brain 
versus using V2 brain. For Specefic Aim III, we will assess peroxynitrite effects on 
protein tyrosine residues in iNOS and nNOS knockout mice and in wild-type C57/bl mice 
following MPTP and MPTP in combination witii the SOD mimetic M40401. We will 
quantify the two main products of peroj^trite oxidation of tyrosine, dityrosine and 
nitrotyrosine in different brain regions (striatum, ventral midbrain, frontal cortex, 
berebellum) and at different time points using gas chromatography with mass 
spectrometiy. For Specific Aim IV, we will examine tiie consequences of protein 
tyrosine nitration by assessing whether candidate proteins, mitochondrial electron 
transport chain polypeptides and manganese-SOD are nitrated. This will be done in 
transgenic SODl mice as well as in nNOS and iNOS knockout mice following MPTP 
with and without M40401. Tyrosine nitration will be determined by immunoprecipitation, 
Westem blot and amino acid analyses. Any enzymatic analyses will be performed using 
spectrophotometric enzymatic assays. Aside from manganese SOD, we have identified 
complexes I, H, and V, ANT, VDAC, creatine kinase, and aconitase, all found in 
mitochondria, as possible candidate proteins that may be nitrated or oxidized following 
reaction with peroxynitrite. Because of tiie breeding problems even tiiou^ the crosses 
were viable, we were granted a non-monetary one year extension on this proposal to 
complete tiie studies. 

CONCLUSION 
Parkinson's disease is a common neurodegenerative disorder that affects a 

reasonable percentage of our aging population (1). Possessing a tool like MPTP that can 
replicate almost all of flie hallmarks of this disorder has indeed been a gift. Finding the 
cause of tiiis debilitating disease and elucidating the molecular mechanisms that are 
involved in the deatii of dopaminergic (DA) neurons in the SNpc can give us specific 
targets for therapeutic strategies aimed at abating DA cell loss and the results of this loss. 
In keeping with our original hypotiiesis of free radical participation in the death of these 
specific neurons (8), using the MPTP mouse model of PD, we have found that both the 
superoxide radical and NO are indeed involved in tiie death of DA neurons in the SNpc 
of MPTP-treated mice. In a previous work, we used tiansgenic mice that overexpressed 
wild-type SODl and found that the nigrostriatal DA pathway in these mice was protected 
from the damaging effects of MPTP compared to their non-transgenic littermates (4). In 
elucidating the role of NO in tiie MPTP-neurotoxic process, it is necessary to sort out 
which of the three nitric oxide synthase (NOS) isoenzymes actually contribute to the 
MPTP neurotoxic process in DA neurons in the SNpc. Our research shows tiiat of the 

17 



three, nNOS (NOSl) and iNOS (N0S2) are involved here (14, 15), but eNOS (N0S3) is 
not (personal communication). nNOS (14) and iNOS (15) knockout mice were partially 
protected against MPTP-induced DA cell loss individually whereas eNOS knockout mice 
treated with MPTP exhibited the same level of DA neuron death as that displayed by 
their wild-type Uttermates. Thus, targeting of either NOSl or N0S2 or both can interfere 
with the MPTP neurotoxic process which, in turn, may save DA neurons in the SNpc of 
the MPTP mice and may be a usefiil strategy for treating the progressive nature of 
neuronal loss in the SNpc of PD patients. 

Althou^ both nNOS and iNOS are up-regulated, we have demonstrated that the 
N0S2 enzyme in tfie SNpc seems to be the main NOS culprit in PD and in the MPTP 
mouse model and fliis culprit comes witii heavy baggage. First of all, as stated above, 
MPTP induces an increased expression of tiie N0S2 enxyme in the SNpc of the treated 
mice; up-regulation of NOS 2 has also been found in postmortem tissue samples from PD 
brains (13). Increased expression of N0S2 results in tiie activation of microgUa (15, 16) 
which is a response to neuronal injury. And it is the neuronal injury that provokes and 
keeps the inflammatory process going which makes this process circular. Coupled with 
the up-regulation of N0S2 in microglia foUovmg MPTP administration, which increases 
NO production, we observed that the expression of NADPH oxidase in microglia is also 
increased after administration of this toxin (17). Since NADPH oxidase promotes the 
production of the superoxide radical and is up-regulated in microglia (17), microglia are 
the forum for a superoxide radical/NO clash in the MPTP mouse model and possibly in 
PD itself The interaction of these two "radicals" most likely results in the formation of 
peroxynitrite, a compound that can modify, thus inactivate amino acids, proteins and 
catecholamines (8). But, microglia are not the only cells in the SNpc that produce the 
superoxide radical and NO. Neurons themselves are also involved in their own demise in 
tiie MPTP model and probably in PD. From our studies as well as from studies by other 
investigators (18, 19, 20), it is known fliat the MPTP metabolite, MPP^ blocks 
mitochondria! complex I of tiie mitochondrial electron transport chain witibin the neuron 
which kicks out the superoxide radical. Since NO can travel as many as 300 microns 
from its site of production and can freely travel through membranes (21), we conclude 
tiiat the superoxide radical and NO can also interact vdtiiin tiie neuron to produce 
peroxynitrite thus causing its own demise. Peroxynitrite can therefore be formed both 
inside of and outside of the DA neuron. Inhibition of either the superoxide radical 
(transgenic SODl overexpression) or NO formation (minocycline, 7-nitroindazole) can 
diminish the damage caused by the interaction of these two compounds in the MPTP 
mouse model and possibly in PD itself 

A quick, cheap and easy way to end-run the MPP^ inactivation/block of complex I 
and to overcome tiie reduction in complex 1 activity seen in PD is to circumvent the 
block and the reduction of complex 1 possibly through flie application of the ketone 
body, D-6-hydroxybutyrate (D-6HB) (18). D-6HB is producesd by the hepatocytes and, 
to a lesser extent, by astrocytes (18). It can act as an altemative source of energy in the 
brain when the glucose supply is depleted such as during starvation. In vitro, D-6HB 
prevents neuronal damage following glucose deprivation and exposure to mitochondrial 
poisons. In our MPTP mouse model, we have documented tiiat the infusion of D-BHB 
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protects SNpc DA neurons in a dose-dependent and stereo-specific manner and prevents 
the development of PD-like motor abnormalities. D-6HB seems to enhance oxidative 
phosphorylation by a mechanism dependent on succinate ubiqviinone oxidoreductase 
(complex II). 

As stated above, SNpc neurons in PD and in tiie MPT? mouse may contribute to 
their own destruction. The superoxide/NO interaction is not the only source of 
inflammation within the DA neuron. The COX-2 enzyme is thought to play a role in 
inflammation within the DA neuron as well, for up-regulation of the COX-2 enzyme 
within the neuron is thought to be one event among a cascade of deleterious events in the 
neurodegenerative process (22). In flie inflammatory process witiiin the DA neuron, it 
had been suggested tiiat the increases in the expression of the COX-2 enzyme is 
responsible for the elevated levels of prostaglandins particularly prostaglandin E2 which 
has been associated with neurodegeneration. In our studies using tiie MPTP mouse model 
of PD and SNpc tissue samples fi-om PD brains, we found induction of the COX-2 
enzyme and elevation of its catalytic activity in DA neurons of the SNpc of MPTP- 
treated mice and in the PD tissues. We also noted tiiat this induction was absent in MPTP 
treated COX-2 knockout mice, in MPTP mice treated with Refocoxib , a specific COX-2 
inhibitor as well as in mice treated with the JNK inhibitor CEP11004 (23). What was 
interesting in these experiments was Ihat neither ablation nor inhibition of the COX-2 
enzyme affected the activation of microgha by MPTP in the SNpc (23). From tiiese 
experiments, we concluded that the JNK/c-jun signaling pathway is instrumental in COX- 
2 enzyme induction within the DA neuron, that induction of this enzyme is responsible 
for elevated PGE2 levels, tiiat tiiis sequence of events has a role in the inflammatory 
process inside of the DA neuron and that these events do not involve activated microgha. 

Peroxynitrite is a very short-lived elusive compound that, in reality, cannot be 
physically measured. It is formed intracellularly within mitochondria and, can diffuse in 
and out of mitochondria and can undergo targeted molecule reactions with various 
cellular compounds such as proteins, amino acids and poly peptides as well as react with 
carbon dioxide to yield secondary radicals which participate in the oxidation, nitration or 
nitrosation of critical mitochondrial components (6). Specific markers of peroxynitrite 
interaction attest to the damage it can inflict. In keeping with our original hypotiiesis 
about the role of NO in PD and in the MPTP neurotoxic process, and after having shown 
that during the MPTP neurotoxic process that TH was nitrated (24), we demonstrated in 
vitro that peroxynitrite can nitrate tyrosine residues in the TH molecule and concluded 
from tiiese studies that lyrosine 423 was the primary tyrosine that was nitrated and that 
this nitration was sufficient to inactivate the TH enzyme (25). We also noted in another 
publication that otiier molecules are nitrated by peroxynitrite. For instance, the synaptic 
protein, alpha synuclein, whose role in the degeneration of DA neurons has yet to be 
elucidated, is not only up-regulated in the SNpc of MPTP-treated mice (26), but also is 
nitrated and oxidatively modified following the administration of this toxin (27). Based 
on the fact that peroxynitrite has access to many proteins in mitochondria, we have since 
sought out other mitochondrial proteins or components which may be at risk of 
nitrative/oxidative damage by peroxynitrite. These are complexes I, II, and V as well as 
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ANT, creatine kinase, aconitase and manganese SOD (S0D2) (28). We intend to 
examine the nitration/oxidative modification of some of these compounds. 

The free radical hypothesis of PD suggests that oxidative stress is implicated in 
the deatii of DA neurons in the SNpc (29). Several reactions within ttie DA neuron set the 
stage for this damaging situation. For instance, the reaction between the superoxide 
radical and NO, which produces peroxynitrite, puts cells in an oxidative/nitrative stress. 
Furthermore, the fact that the superoxide radical can be overproduced in several 
situations (Blockade of complex 1, induction and up-regulation of NADPH oxidase) also 
indicates oxidative stress. Therefore, the superoxide radical, by itself, can exert damaging 
effects by generating reactive species such as the hydroxyl radical (H0-) whose oxidative 
properties can ultimately kill cells (29). Superoxide can facilitate HO'production in the 
metal-catylized Haber-Weiss reaction and can be dismutated by SODl to form hydrogen 
peroxide (H2O2) (30). In certain oxidative damage situations, there exists an oxidative 
pathway that does not require metal ions. This patiiway involves myeloperoxidase, a 
heme protein secreted by activated macrophages (31). Myeloperoxidase uses H2O2 to 
convert tiie phenolic acid tyrosine into a reactive intermediate tiiat promotes the oxidation 
of proteins and lipids. Studies indicate that tiie oxidizing intermediate generated by 
myeloperoxidase is the tyrosyl radical (31) and suggest that this radical may promote 
oxidative reactions at sites of inflammation. Stable endproducts of protein oxidation act 
as indicators that a specific reaction has occurred flius we used gas chromatography witii 
mass spectrometry to measure fliese reactions first in an in vitro situation with 
myeloperoxidase to determine what tiiese reaction products might be, then in vivo 
following MPTP administration reaction to see if tiiey were indeed part of the MPTP 
neurotoxic process. We found elevated levels of 3-nitro1yrosine and 0,0-dityrosine in the 
ventral midbrains and striata of MPTP-treated mice as compared to saline control tissues. 
Cerebellum and frontal cortex showed no evidence of protein oxidation (31). The 
presence of these compounds in the brain indicate that oxidative modification of proteins 
took place in brain areas sensitive to the effects of MPTP while tiie reaction in the test 
tube confirms that a myeloperoxidase-H202 oxidative pathway is responsible for the 
existence of the oxidized proteins found in the brain tissues (31). These findings give 
further support to the oxidative stress hypofliesis of PD and may be relevant to our 
understanding of the pathogenesis of tiiis debilitating disorder. 

We have put together a series of experiments to delve deeper into tiie mysteries of PD by 
examining the role of NO in the MPTP neurotoxic process. Our proposal is largely based 
on tiie free radical hypothesis of PD. From tiiese studies, we conclude that tiie superoxide 
radical and NO are indeed instrumental in the death of DA neurons in the SNpc of 
MPTP-treated mice. The deafli of fliese neurons apparently involves induction of iNOS 
and the up-regulation of nNOS, production of the superoxide radical, microglial 
activation with all of its cytotoxic components, peroxynitrite production and protein 
oxidation and nitration. A number of tiiese same findings have also been found in PD, the 
human condition tiiat MPTP mimics. 
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Inducible nitric oxide synthase stimulates dopaminergic 
•neurodegeneration in the MPTP model of Parkinson disease 
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MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) damages dopaminergic neurons as seen 
in Parl<inson disease. Here we show that after administration of MPTP to mice, there was a ro- 
bust gliosis in the substantia nigra pars compacta associated with significant upregulation of In- 
ducible nitric oxide synthase (INOS). These changes preceded or paralleled MPTP-induced 
dopaminergic neurodegeneration. We also show that mutant mice lacking the iNOS gene were 
significantly more resistant to MPTP than their wild-type littermates. This study demonstrates 
that INOS is important in the MPTP neurotoxic process and indicates that inhibitors of INOS may 
provide protective benefit in the treatment of Parkinson disease. 

Parkinson disease (PD) is a common neurodegenerative disor- 
der whose cardinal features include tremor, slowness of move- 
ment, stiffness and poor balance'. Most, if not all, of these 
disabling symptoms are due to a profound reduction in striatal 
dopamine content caused by the loss of dopaminergic neurons 
in the substantia nigra pars compacta (SNpc) and of their pro- 
jecting nerve fibers in the striatum^^ Although several ap- 
proved drugs do alleviate PD symptoms, their chronic use is 
often associated with debilitating side effects'*, and none di- 
minish the progression of the disease. Moreover, the develop- 
ment of effective neuroprotective therapies is impeded by our 
limited knowledge of the actual mechanisms by which 
dopaminergic neurons die in PD. So far, however, considerable 
insights into the pathogenesis of PD have been achieved by 
the use of the neurotoxin MPTP (l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine), which causes in humans and in nonhu- 
man primates a severe and irreversible PD-like syndrome^ In 
several mammalian species, MPTP reproduces most of the bio- 
chemical and pathological hallmarks of PD, including the sub- 
stantial degeneration of dopaminergic neurons^ Furthermore, 
there is mounting evidence that reactive oxygen species, espe- 
cially nitric oxide (NO), are pivotal in the MPTP neurotoxic 
process^ which supports the hypothesis that oxidative stress 
contributes to the pathogenesis of PD (ref. 7). 

So far, three distinct NO-synthesizing isoenzymes have been 
purified and molecularly cloned": neuronal NO synthase 
(nNOS), inducible NOS (iNOS) and endotheUal NOS. nNOS is 
the main NOS isoform in the brain, as its catalytic activity and 
protein are identifiable throughout the central nervous sys- 
tem''". In contrast, iNOS normally is not" or is minimally'^ ex- 
pressed in the brain. However, in pathological conditions, 
iNOS expression can increase in brain glial cells'^ and invading 
macrophages   in   response   to   a   variety   of   injuries'^'*■. 

Endothehal NOS is mainly locahzed in the endothelium of 
blood vessels and to a minimal extent in different discrete re- 
gions of the brain"''*. Thus, our success in determining the 
pathogenesis of PD as well as in developing neuroprotective 
therapies that target the NO pathway is contingent on our elu- 
cidation of which of the NOS isoenzymes contribute to the 
production of the NO involved in dopaminergic neuron de- 
generation. The pharmacological inhibition of nNOS, 
produced by 7-nitroindazoIe and 5-methyIthiocitrulline, sub- 
stantially attenuates MPTP-induced dopaminergic neurotoxic- 
ity in mice and monkeys""^^ Although these NOS antagonists 
are considered selective nNOS inhibitors, it is not certain that, 
at the dose used in these studies, they retain all of their selec- 
tivity. Consistent with this is the demonstration that nNOS- 
deficient mice with about 10% residual nNOS activity'" are 
partially protected against MPTP (ref. 20), whereas mice 
treated with doses of 7-nitroindazole that cause about 80% 
nNOS inhibition are completely protected"'^". These data indi- 
cate that although nNOS is important, other NOS isoforms 
might also participate in the dopaminergic neurodegeneration 
that occurs in the MPTP model and in PD. Relevant to this is 
the demonstration that many cells in the SNpc from post- 
mortem PD samples express considerable amounts of iNOS, 
whereas those from age-matched controls do not^^ Although 
upregulation of iNOS in acute injury may lead to cell death'^", 
most likely through the production of large amounts of NO 
over a prolonged period of time^^ its involvement in a chronic 
neurodegenerative process such as in PD is not known. Here 
we show that iNOS is not only upregulated in the SNpc of 
MPTP-treated mice, but that its ablation in mutant mice sig- 
nificantly attenuates MPTP neurotoxicity, thus indicating that 
iNOS is essential in MPTP-induced SNpc dopaminergic neu- 
rodegeneration. 
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Table 1    Number of neurons in the SNpc 

Tyrosine hydroxylase 
NissI 

Saline 
Wild-type 

10,188±619 
13,563 + 1007 

9,680 + 496 
12,913 ±530 

MPTP 
Wild-type 

2,940 ± 698* 
6,300 ±539* 

iNOS-'~ 

5,720 ±539** 
10,41 7 ± 380** 

i'^^o' "n nf"/ ^""^T - ?■?•'■" ' ^ P^' ^'■""P^ "^'^ """'"^ ^y stereology. *, P < 0.001, fewer than both saline-injected groups- 
, P < 0.05, fewer than both saline-injected groups and more than IviPTP-injected wild-type mice; Newman-Keuls post-hoc test. 

MPTP produces a robust glial response 
In saline-injected mice, ventral midbrain expression of 
macrophage antigen-1 (MAC-1) and glial fibrillary acidic pro- 
tein (GFAP), which are specific markers of microglia and astro- 
cytes, respectively, was minimal (Fig. la-c). This corresponded 
to only a few faintly immunoreactive resting microglia and as- 
trocytes in the substantia nigra (Fig. If and 0- In MPTP-injected 
mice, ventral midbrain expression of MAC-1 and GFAP was sig- 
nificantly greater (Fig. la-c) and there were many robustly im- 
munoreactive MAC-1-positive activated microglia and 
GFAP-positive reactive astrocytes (Fig. ld,e,g and h). Although 
the MPTP-induced glial response predominated in the SNpc, it 
spanned the entire substantia nigra (Fig. Id and^). Changes in 
MAC-1 expression were evident by 12 hours, reached a maxi- 
mum by 24-48 hours, and were no longer different from con- 
trol samples by day 7 after MPTP injection (Fig. la and b). In 
contrast to MAC-1 expression, changes in GFAP expression 
were only noticeable by 24 hours, were maximal by 4-7 days, 
and showed a trend towards returning to control levels by 21 
days after MPTP injection (Fig. la and c). In the striatum, the 
time course of the MPTP-induced changes in MAC-1 and GFAP 
expression were similar to those seen in the ventral midbrain 
(data not shown). 

MPTP stimulates INOS expression In glial cells 
In saline-injected mice, there were rarely iNOS-immunoreac- 
tive cells in the SNpc (Fig. 2). In MPTP-injected mice, the num- 
ber of SNpc iNOS-positive cells increased rapidly over time, 
reaching a 250% increase by 24 hours after MPTP injection 
(Fig. 2). However, iNOS-positive cell counts were no longer sig- 
nificantly different from controls by 48 hours after MPTP injec- 
tion (Fig. 2d). In the striatum, no iNOS-positive cells were 
identified after MPTP injection. We confirmed the specificity 
of the antibody against iNOS by western blot analysis (Fig. 2e). 

To elucidate the nature of the SNpc iNOS-positive cells, we 
simultaneously immunostained midbrain sections for iNOS 
and MAC-1 or GFAP. At 24 hours after MPTP injection, the 
time with the most iNOS-positive cells, there was iNOS im- 
munoreactivity in MAC-1-positive activated microglial cells 
(Fig. 2c). In contrast, none of the iNOS-positive cells were ei- 
ther GFAP-positive or had a neuronal morphology. 

was   minimal   in   saline-injected 
mice, but rapidly increased after 
MPTP injection (Fig. 2h). Indeed, 
in   MPTP-injected   mice,   ventral 
midbrain iNOS activity began to 
increase by 12 hours, peaked by 
24-48 hours (300% increase), and 
then slowly subsided back to con- 
trol activity by 7 days after MPTP 

injection (Fig. 2h). As for iNOS mRNA, iNOS catalytic activity 
in the striatum was low and was unaffected by MPTP injection 
(not shown). We also measured nNOS activity in ventral mid- 
brain from mice treated with saline or MPTP; nNOS activity 
was consistently higher than iNOS and was unmodified by 
MPTP injection (Fig. 2h). 

INOS-deflclent mice are more resistant to MPTP 
Given the MPTP-induced SNpc iNOS upregulation, we deter- 
mined the involvement of this enzyme in MPTP neurotoxicity 
by comparing the effects of the toxin in mutant mice deficient 
in iNOS (iNOS-'~) and in their wild-type littermates; this ap- 
proach is more advantageous than pharmacological inhibition 
of NOS because it allows for the study of iNOS independently 
of other NOS isoenzymes. Stereological counts of SNpc 
dopaminergic neurons, defined by tyrosine hydroxylase (TH) 
and Nissl staining, did not differ between sahne-injected 
iNOS-'- mice and their saline-injected wild-type littermates (Fig. 
3fl and Table 1). In wild-type mice, only 29% of the SNpc TH- 
positive neurons and 46% of the Nissl-stained SNpc neurons 
survived MPTP injection (Fig. 3a and Table 1). In contrast, 
about twice as many SNpc TH-positive and Nissl-stained neu- 
rons survived in iNOS-'- mice treated with an identical MPTP 
regimen (Fig. 3a and Table 1). However, there were no signifi- 
cant differences in the extent of loss in striatal levels of 
dopamine, DOPAC (3-4-dihydroxyphenylacetic acid) and HVA 
(homovanillic acid) between iNOS-'- mice and their wild-type 
littermates after the administration of MPTP (Table 2). 

Microglial responses and MPP* production in iNOS'- 
Although iNOS-'- mice lack iNOS expression, they showed in- 
creases in MAC-1 expression similar to those seen in wild-type 
mice in response to MPTP (Fig. 3b and c). The main determiri- 
ing factor of MPTP neurotoxic potency is its conversion in gha 
to the l-methyl-4-phenylpyridinium ion^*- (MPP*). To confirm 
that the resistance of iNOS-'- mice was due to the absence of the 
iNOS gene and not due to an alteration in the glial production 
of MPP*, we measured its striatal content at different times after 
MPTP injection. At no time did the striatal content of MPP* dif- 
fer significantly between the iNOS-'- mice and their wild-type 
littermates (Table 3). 

MPTP Increases INOS mRNA levels and enzymatic activity 
We further characterized the iNOS response to MPTP by 
assessing its mRNA level and enzymatic activity. In sahne- 
injected mice, ventral midbrain iNOS mRNA was almost 
undetectable (Fig. 2). In contrast, in MPTP-injected mice, 
midbrain iNOS mRNA levels were detected by 12 hours, 
were maximal by 48 hours, and were no longer detected 
by 4 days after MPTP injection (Fig. 2f and g). Striatal 
iNOS mRNA levels were very low and were unchanged by 
MPTP injection (not shown). In agreement with the 
mRNA results, ventral midbrain iNOS enzymatic activity 

Table 2 Striatal monoamine levels (ng/mg tissue) 

Dopamine             DOPAC                      HVA 

Saline (n = 6) 
MPTP 

14.7 ±0.8             1.6 ±0.3                   2.9 ±0.1 

Wild-type (n = 4) 
iNOS-'- (n = 5) 

2.8 + 0.5*             0.7 ±0.2*                1.8 ±0.2* 
2.4 + 0.3**           0.5 ±0.1**              1.7 ±0.2** 

As dopamine, DOPAC, and HVA values did not differ between saline-injected iNOS'-and their 
saline-injected wild-type littermates, data from both groups were combined. *, P< 0.01, differ- 
ent from saline-injected control mice but not MPTP-injected iNOS'-mice; **, P<0.01, different 
from saline-injected control mice but not MPTP-injected wild-type mice; Newman-Keuls post- 
hoc test. Data represent means + s.e.m. for four to six mice per group. 
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Brain nitrotyrosine levels in iNOS'' and wild-type mice 

To assess the extent of NO-related oxidative damage, we 
determined nitrotyrosine levels by dot-blot analysis in se- 
lected brain regions of iNOS'" and wild-type mice after 
saline or MPTP injection. In saline-injected mice, the dis- 
tribution of nitrotyrosine was similar between the two 
groups of mice in that levels were highest in striatum and 
cerebellum, followed by frontal cortex, and were lowest in 
ventral midbrain (Table 4). In MPTP-injected iNOS'' and 
wild-type mice, nitrotyrosine levels were significantly in- 
creased in striatum and ventral midbrain and unchanged in the 
other brain regions studied (Table 4). MPTP produced signifi- 
cantly smaller increases in nitrotyrosine levels in the ventral 
midbrain of iNOS'~ mice than of their wild-type counterparts, 
whereas it produced similar increases in the striata of the two 
groups of mice (Table 4). 

Discussion 

This study shows that, in addition to the considerable loss of 
dopaminergic neurons, ghosis is a salient neuropathological 
feature of the SNpc and the striatum in the MPTP mouse 
model, as in PD (refs. 27,28). Although gliosis sometimes may 
be associated with beneficial effects, there are many more situ- 
ations in which gliosis may be deleterious^'™, including in PD 
(ref. 28). Consistent with this, our data indicate that inflamma- 
tory-related events, such as gliosis, may contribute to the de- 
generation of dopaminergic neurons in the MPTP model. For 
example, activated microglial cells appeared in the SNpc much 
sooner than reactive astrocytes (Fig. 1) and at a time when only 

Table 3    MPP* levels (ng/g striatum) 

Wild type 
iNOS-'- 

90min 
17.75 ±0.50 
24.24 ±2.70 

120 min 
23.10 + 4.30 
20.61 +2.23 

180 min 
19.17 ±0.63 
17.18 ±0.83 

360 min 
1.61 +0.12 
1.91 ±0.49 

a Days after MPTP 

0   0.5  1     2    4    7    21 

MAC-1 

GFAP-* 

a-actin -*■ 

-ISSkOa 

—    -ASkDa 

~,m  mm 90-   "^      - 42 kDS 

b 

< 
5 

** 
•9 

* H- 30 /I 1   ^^^^ ̂'"^'""^'--^ * 
15 J 

12    19    IS    21 12     IS    18    21 

Days after MPTP Days after MPTP 

Striatal MPP* levels in wild-type and iNOS-'' mice at 90,120, 180 and 360 min after the last 
MPTP injection do not differ (P > 0.05; Newman-Keuls post-hoc test) between the two 
groups. Data represent means ± s.e.m. for four mice per group and time point. 

minimal neuronal death has occurred''. This supports the con- 
tention that the microglial response to MPTP arises early 
enough in the neurodegenerative process to contribute to the 
demise of SNpc dopaminergic neurons. In keeping with the 
deleterious role of microglia, we found that these cells not only 
increase in number after MPTP injection, but also, more impor- 
tantly, were the site of iNOS upregulation (Fig. 2). Therefore, 
activated microglial cells can flood surrounding dopaminergic 
neurons with large amounts of iNOS-derived NO and other re- 
active species, such as superoxide radicals'^ The time course of 
the response of astrocytes to MPTP was quite distinct from that 
of microglia (Fig. 1), in that the changes in the density of reac- 
tive astrocytes in both striatum and SNpc did not precede but 
rather occurred at the same time as the active phase of 
dopaminergic neuron degeneration^'. This indicates that the 
astrocytic reaction is secondary to the loss of dopaminergic 
neurons and not a primary event. Although this diminishes the 
potential role of reactive astrocytes in initiating the dopamin- 
ergic neurodegeneration, it does not undermine the potential 
role of these cells in propagating the neurodegenerative 
process. 

Both in vitro and in vivo experiments indicate that iNOS tran- 
scription can be induced by various cytokines, including tumor 
necrosis factor-a, interleukin-lp and interferon-y (refs. 33-35) 
as well as by ligation of the macrophage cell surface antigen 
CD-23 (ref. 36). It is thus particularly relevant to PD that glial 
cells immunoreactive for those cytokines and CD-23 are de- 
tected in the SNpc of PD patients^'. In agreement with this 
transcriptional induction model of iNOS, the mRNA levels of 
iNOS increased in the ventral midbrain of MPTP-injected mice 
(Fig. 2). However, in the striatum, whereas a strong glial reac- 
tion did occur after MPTP injection, there was no detectable in- 
duction of iNOS mRNA. Among various possibilities, the 
discrepancy in the iNOS response between striatum and ventral 
midbrain may reflect either a differential mode of iNOS regula- 
tion between these two brain regions or the existence of a stri- 
atal factor that suppresses the induction of iNOS^". 

Our data on microglial iNOS immunoreactivity in the SNpc 
of MPTP-injected mice are in agreement with results in PD pa- 
tients, in whom iNOS immunoreactivity has also been found 

Fig. 1 MPTP-induced glial reaction, a-c, Ventral midbrain MAC-1 (a and 

b) and GFAP (o and c) expression is minimal in saline-injected mice (S), but 

increases in a time-dependent manner after MPTP injection. Data repre- 

sent mean ± s.e.m. (n = 4-5). **, P < 0.01 and *, P < 0.05, compared with 

saline, Newmas-Keuls post-hoc test, d-i, There is a robust MAC-1 (rf) and 

GFAP (g) immunostaining in the SNpc of MPTP-treated mice compared 

with that in saline-treated control mice (f and 0 at 24 h after injection, e 

and h. Magnification of the boxed areas in d and g shows that the MAC-1 - 

and GFAP-immunoreactive cells in the MPTP-treated mice seem to have a 

morphology typical of activated microglia cells (e) and of reactive astro- 

cytes (h). Scale bars represent 200 nm (d,f,g,l; shown in d) and 15 urn (e,h; 

shown in e). 
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Fig. 2 MPTP-induced iNOS upregulation. a and b, SNpc 
of a mouse 24 h after MPTP injection (o), containing an 
INOS-positive cell (fa; enlargement of boxed area in a), c, All 
INOS-positive cells (black) co-localize with MAC-1 im- 
munoreactivity (violet) (long arrow), but several MAC-1- 
positive cells do not co-localize with INOS 
immunoreactivity (short arrow). Scale bars represent 200 
^m (o) and 10 nm (b,c). d, Time course of iNOS-positive 
cell numbers in the SNpc after MPTP injection (n = 4-5 
mice per time point). *, P< 0.05, compared with all other 

groups, Newmas-Keuls post-hoc test, e. Western blot analy- 

sis of protein extract from lipopolysaccharide-treated 
mouse cells demonstrates that the antibody against INOS 
used here recognizes a single band with an apparent mole- 
cular mass of 130 kDa (lane 1), which is consistent with 
iNOS; when the antibody against INOS is omitted the band 
is not seen (lane 2). Right margin, molecular sizes, f and g, 
Ventral midbrain INOS mRNA levels are increased by 24 
and 48 h after MPTP injection compared with those of 
saline-injected mice, but return to basal levels by 96 h. Data 
are from three mice per group and are representative of at 
least three independent experiments. P, iNOS-positive control 
(lipopolysaccharide-treated mouse cells). *, P < 0.05 and #, P < 0.01, 
higher than all other groups, Newmas-Keuls post-hoc test, ft. Ventral 
midbrain iNOS activity is significantly increased 1 d after MPTP injection. 

1    2 f 
Days after MPTP 

Hours after MPTP 

7     21 

71U)»   li^ctln-^pMmBmi>.i^»»,4ii.»mMiiS» 

SaUnt 

Hours after MPTP Days after MPTP injection 

is still increased at 4 d although it returns to basal levels by 7 d after 
MPTP injection, whereas ventral midbrain nNOS activity remains un- 
changed throughout. *P < 0.01, higher than all other groups, Newmas- 
Keuls post-hoc test. 

in SNpc microglia/macrophages". However, our study pro- 
vides essential insights into these autopsy findings, by indicat- 
ing that iNOS upregulation is not due to the chronic use of 
anti-PD drugs such as L-dopa, nor is it an alteration that oc- 
curs at the very end of the disease process. Instead, our obser- 
vation of increased iNOS immunoreactivity and enzymatic 
activity in MPTP-injected mice (Fig. 2) fits with the idea that 
iNOS-mediated NO and superoxide production'^ may con- 
tribute to the neurodegenerative process in this model and in 
PD. However, NO is membrane-permeable and can diffuse to 
neighboring neurons, whereas superoxide cannot readily 
transverse cellular membranes^', making it unlikely for mi- 
croglial-derived extracellular superoxide to gain access to 
dopaminergic neurons and directly trigger intracellular toxic 
events. Alternatively, NO could react with superoxide in the 
extracellular space to form the very reactive tissue-damaging 
species, peroxynitrite, which can cross the cell membrane and 
injure neurons. Therefore, microghal-derived superoxide, by 
contributing to peroxynitrite formation, may be important in 
this model. The presumed absence of direct involvement of 
extracellular superoxide in MPTP neurotoxic process, how- 
ever, does not contradict the instrumental role of intracellular 
superoxide in this model^ especially that produced within 
dopaminergic neurons consequent to the mitochondrial elec- 
tron transport chain blockade by MPP*. 

Consistent with tlie involvement of iNOS in the MPTP neu- 
rotoxic process is our demonstration that approximately twice 

1406 

as many SNpc dopaminergic neurons survived in iNOS'- mice 
as in their wild-type littermates after MPTP injection (Table 1). 
As activated microglia can also exert deleterious effects unre- 
lated to NO, it must be emphasized that iNOS-'' mice showed 
no evidence of impaired microglial activation in response to 
MPTP (Fig. 3) and iNOS''- macrophages, which do not produce 
NO, remain responsive to interferon-y and, once activated, pre- 
serve their respiratory burst capacity*" that includes the forma- 
tion of superoxide^'. Moreover, ablation of iNOS was not 
associated with alterations in the formation of the MPTP active 
metabolite MPP* (Table 3), which is the most important modu- 
lating factor of MPTP potency"'. Given these data, the resis- 
tance of iNOS-'- mice to MPTP may result from the lack of INOS 
expression and the consequent reduced NO formation, and not 
from either a microglial-deficient respiratory burst capacity or 
an altered MPTP metabolism. Unexpectedly, the resistance of 
the SNpc dopaminergic neurons in iNOS-'- mice was not accom- 
panied by a similar sparing of striatal dopaminergic fibers, 
given that the levels of dopamine and metabolites after MPTP 
injection were similarly decreased in iNOS-'- mice and their 
wild-type littermates (Table 2). In the SNpc, MPTP caused sig- 
nificant upregulation of iNOS and, constitutively, there are 
only a few midbrain nNOS-positive neuronal elements that are 
not of dopaminergic nature and that do not have a close rela- 
tionship with SNpc dopaminergic neurons'^l In contrast, in 
the striatum, MPTP did not cause any detectable iNOS upregu- 
lation and, constitutively, there are many nNOS-positive neu- 
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rons and nerve fibers'. Therefore, the substan- 
tial preservation of the SNpc dopaminergic 
neurons coinciding with the loss of striatal 
dcTpaminergic fibers in MPTP-injected fJVOS'" 
mice can be explained by the fact that MPTP- 
mediated damage of striatal dopaminergic 
nerve fibers, unlike that of SNpc dopaminergic 
neurons, does not rely much on NO produced 
by iNOS, but instead on other NOS isoforms 
such as nNOS (ref. 20). 

Peak ventral midbrain iNOS enzymatic activ- 
ity was about 15% that of nNOS enzymatic ac- 
tivity (Fig. 2), raising the question of how such a 
non-predominant component of total NOS enzymatic activity 
could substantially modulate MPTP-induced SNpc injury. The 
answer may reside in the distance that NO must travel from the 
site of release to the dopaminergic neurons. Indeed, as de- 
scribed above, ventral midbrain nNOS-positive neuronal ele- 
ments are located far from dopaminergic structures and thus it 
is likely that the amount of nNOS-derived NO that succeeds in 
reaching the target neurons is much less than could be ex- 
pected, given the nNOS catalytic activity. In contrast, ventral 
midbrain iNOS-positive microglial cells are in close proximity 

Table 4    Nitrotyrosine levels (ng/|xg protein) 

Frontal Cortex Striatum Ventral Midbrain Cerebellum 
Wild-type 

Saline 18.9 ±3.7 30.9 ±2.1 13.3 ±3.2 21.6 ±3.2 
MPTP 19.1 ±2.1 67.8 ±3.1* 31.7 ±1.7* 23.5 ±2.2 

iNOS'- 
Saline 18.4 ±3.5 28.3 ±2.5 14.0 + 2.5 20.6 ± 1.8 
MPTP 19.6 ±2.5 68.4 ± 2.9" 21.9 + 1.7*** 19.1 ±2.0 

b WT 

MAC-1- 

&-Actin- 

Fig. 3 MPTP-induced neuronal loss and microglial reaction in iNOS''~ 
mice, a, SNpc TH-positive neurons are twice as resistant to MPTP in iNOS~'~ 
mice than in wild-type (WT) littermates, 7 d after MPTP injection. In addi- 
tion, there is no noticeable difference In TH-positive neuron density after 
saline injection between iNOS~'~ mice and WT littermates (Table 1, actual 
neuronal counts), b and c, Ventral midbrain western blot analysis (fa) and 
SNpc immunohistochemical analysis (c) for MAC-1, showing the similarity 
of the microglial response between the iNOS-'- mice and their wild-type lit- 
termates (WT), 24 h after MPTP injection. Scale bar represents 200 nm (o 

and c, shown in c). 

*, P< 0.01, higher than saline-injected mice; **, P< 0.01, higher than saline-injected mice but not MPTP-injected 
wild-type mice; ***, P < 0.05, higher than saline-injected mice but lower than MPTP-injected wild-type mice; 
Newman-Keuls post-hoc test. Data represent mean + s.e.m. for three to four mice per group and treatment. 

to dopaminergic structures and thus the amount of INOS-de- 
rived NO that succeeds in reaching the target neurons is con- 
ceivably very substantial. Also relevant is the fact that nNOS 
activity is under the dynamic regulation of calcium, thus it is 
probable that midbrain nNOS does not produce anywhere near 
600% as much NO as iNOS. 

As for mechanisms, NO is a weak oxidant and thus it is not, 
by itself, sufficiently damaging to participate directly in MPTP 
deleterious effects. Alternatively, NO-derived species with 
stronger oxidant properties, such as peroxynitrite, can unques- 
tionably cause direct injury to the dopaminergic neurons''^ In 
addition, peroxynitrite can nitrate tyrosine residues"*, which 
may serve as a stable biomarker for peroxynitrite actions. 
Supporting the possibility of involvement of peroxynitrite in 
MPTP neurotoxic process is our demonstration that nitrotyro- 
sine levels were significantly increased after MPTP injection 
only in brain regions known to be susceptible to the toxin 
(Table 4), which is consistent with previous studies "■^^'''^ Even 
more compelling, MPTP-injected iNOS-'- mice, which showed 
significantly less SNpc dopaminergic neuronal loss (Table 1), 
also showed significantly smaller increases in ventral midbrain 
nitrotyrosine levels than their wild-type counterparts (Table 4). 

Our data provide evidence for a pivotal role for microglial 
INOS-derived NO in the cascade of deleterious events that ulti- 
mately leads to SNpc dopaminergic neuronal death in the 
MPTP mouse model and in PD. Therefore, our study indicates 
that inhibition of iNOS may be a valuable target for the devel- 
opment of new therapies for PD aimed at attenuating the ac- 
tual loss of dopaminergic neurons. However, this study also 
shows that iNOS inhibition may not be efficacious in preserv- 
ing striatal nerve fibers from MPTP neurotoxicity. This indi- 
cates that the ideal therapeutic approach for PD may require 
the combination of iNOS inhibitors with other agents that 
have strong abilities in promoting nerve fiber re-growth and in 
stimulating dopaminergic function as well as in preserving 
dopaminergic nerve terminals. So far, multi-drug strategies 
have proved to be successful in fitting other pathological con- 
ditions, such as HIV infection and cancer. 

Methods 
Animals and treatment. Eight-week-old male C57/bl mice (Charles River 
Laboratories, Wilmington, Massachusetts) and iNOS-deficient mice 
(C57/bl-NOS2"""-""; Jackson Laboratories, Bar Harbor, Maine) and their 
wild-type littermates were used. Mice (n = 4-6 per group) received four in- 
traperitoneal injections of MPTP-HCI (20 mg/kg of free base; Research 
Biochemicals, Natick, Masssachusetts) in saline at 2-hour intervals in 1 day, 
and were killed at selected times 0-21 days after the last injection. Control 
mice received saline only. This protocol was in accordance with the NIH 
guidelines for use of live animals and was approved by the Institutional 
Animal Care and Use Committee of Columbia University and Johns 
Hopkins University School of Medicine. 

/"- 
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MAC-1, GFAP, and iNOS immunohistochemistry. These were done as 
described" on cryostat-cut sections (30 urn in thicl<ness) encompassing 
tiie entire midbrain, and used tiie following primary antibodies (at the fol- 
lowing dilutions): rat antibody against MAC-1 (1:1,000; Serotec, Raleigh, 
North Carolina), rabbit antibody against GFAP (1:1,000; Dako^ 
Carpinteria, California),' and rabbit antibody against INOS (1:1,000; 
Transduction Laboratories, Lexington, Kentucky). The double-immunos- 
taining procedure for INOS and MAC-1 or GFAP was used as described"' 
with minor modifications. Because the number of INOS-positive cells in 
the SNpc at any given time was very small, we could not use a stereologi- 
cal method"', but instead have used an assumption-based method™, fol- 
lowing strict guidelines"' to ensure the validity of our quantification 
technique. 

RNA extraction and RT-PCR for iNOS and p-actin. These were done 
using methods described"', using the same pair of primers for INOS and (3- 
actin, PCR conditions, and a slightly modified reaction mixture (20 nl) con- 
sisting of 1 Hi cDNA template, 18 \i\ Supermix (Life Technologies), 10 fmol 
"P-dCTP (specific activity, 3,000 Ci/mmol; NEN) and 4-10 pmol of each 
specific primer. After amplification, the products were separated by 5% 

polyacrylamide gel electrophoresis. After being dried, gels were exposed 

to phosphoimager screens (BioRad, Hercules, California), and optical den- 
sities were determined using a computerized image analysis system 
(BioRad, Hercules, California). 

Assay of INOS catalytic activity. nNOS and iNOS catalytic activities were 
assayed in midbrain samples from four mice per time point and condition, 
by measuring both the calcium-dependent and calcium-independent con- 
version of 'H-arginine to 'H-citrulline as described™"'. No substantial =H- 
citrulline production occurred in the absence of nicotine adenine 
dinucleotide phosphate, and this represented background counts. 

Measurement of striatal dopamine, DOPAC and HVA levels. High-per- 
formance liquid chromatography (HPLC) with electrochemical detection 
was used to measure striatal levels of dopamine, DOPAC and HVA using a 
method that has been described™, with minor modifications of the mobile 
phase. At 7 d after the last MPTP injection, iNOS-'- mice and wild-type lit- 
termates (four to six per group) were killed, and the striata were dissected 
out and processed for HPLC measurement. The modified mobile phase 
consisted of 0.15 M monochloroacetic acid, pH 3.0, 200 mg/l sodium 
octyl sulfate, 0.1 mM EDTA, 4% acetonitrile and 2.5% tetrahydrofuran. 

Measurement of striatal MPP* levels. HPLC with ultraviolet detection 
(wavelength, 295 nm) was used to measure striatal MPP* levels using a 
method that has been described™. Groups of iNOS-'- mice and wild-type 
littermates (four per time point) were killed at 90, 120, 180 and 360 min 
after the fourth intraperitoneal injection of 20 mg/kg MPTP, and the striata 
were dissected out and processed for HPLC measurement as described™. 

iNOS-'- TH and NissI staining and stereology. The total number of TH- 
and Nissl-stained SNpc neurons were counted in five mice per group using 
the optical fractionator method as described""; this is an unbiased method 
of cell counting that is not affected by either the volume of reference 
(SNpc) or the size of the counted elements (neurons)'". TH immunostain- 
ing was done as described™, using an affinity-purified polyclonal antibody 
against TH (1:2,000 dilution; Calbiochem, San Diego, California). 

Immunoblots. Mouse brain protein extracts from selected regions were 
prepared as described"'. For western blot analysis, 10% SDS-PACE and 
transfer of proteins to nitrocellulose membrane were done as described"', 
and blots were probed with either antibody against MAC-1 (1:1,000 dilu- 
tion; Serotec, Raleigh, North Carolina), antibody against GFAP (1:2,000 di- 
lution; DAKO), antibody against INOS (1:1,000 dilution; Transduction 
Laboratories, Lexington, Kentucky), or antibody against |3-actin (1:5,000 
dilution; Sigma). For dot-blot analyses, 100 p.g of protein extracts were 
loaded onto the nitrocellulose membrane, and blots were probed with an 
affinity-purified polyclonal antibody against nitrotyrosine (1:1000 dilution; 
a gift from H. Ischiropoulos). For all blots, bound primary antibody was de- 
tected using a horseradish-conjugated antibody against IgG (1:2,000 dilu- 
tion; Amersham) and a chemiluminescent substrate (SuperSignal Ultra; 
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Pierce Chemical, Rockford, Illinois). X-ray films (Kodak BioMax MS) were 
scanned on a HP-4C Scanjet and bands were quantified using NIH-lmage 
1.62 software. For all dot-blot analyses, optical densities were converted 
into nanograms of nitrotyrosine using a standard curve generated from dif- 
ferent concentrations of nitrated bovine serum albumin (a gift from H. 
Ischiropoulos) corresponding to 14-350 Hg nitrated protein or 0.4-10 ng 
nitrotyrosine. In preliminary experiments, we confirmed the specificity of 
nitrotyrosine immunoreactivity by demonstrating that immunostaining is 
abolished either by co-incubating the antibody against nitrotyrosine with 
10 mM nitrotyrosine or by treating blots with 10 mM sodium hydrosulfite, 
to reduce nitrotyrosine to aminotyrosine, before incubation with the pri- 
mary antibody'\ 

Statistical analysis. All values are expressed as the mean + s.e.m. 
Differences among means were analyzed using one- or two-way ANOVA 
with time, treatment or genotype as the independent factors. When 
ANOVA showed significant differences, pair-wise comparisons between 
means were tested by Newman-Keuls post-hoc testing. In all analysis, the 
null hypothesis was rejected at the 0.05 level. 

Aclinowledgments 

We thanl< V.H. Perry ar)dj. Goldman for tlieir advice on the glial studies; H. 

IsMropoulos for fiis guidance on tiie nitrotyrosine studies; and N. Romero and 

D. Cuestella for their assistance in maintaining and genotyping the iNOS mu- 

tant mice. This study was supported by National Institute of Neurological 

Disorders and Stroke grant R29NS37345, ROl NS38586and P50 NS38370, 

and US Department of Defense contract number DAMD 17-99-1-9474 (S.P.); 

the Lowenstein Foundation and the Parkinson's Disease Foundation (G.L., V.j- 

L, S.P.); National Institutes of Health/National Institute of Neurological 

Disorders and Stroke grant P50 NS38377; the Mitchell Family foundation 

(A.S.M, V.L.D, T.M.D); Public Health Service/Career Investigator Development 

Award grant NS 1K08N2035; and the American Parkinson Disease Association 

(A.S.M). M.V. is recipient of a fellov/ship from the Human Frontier Science 

Program Organization, and S.P. is recipient of the Cotzias Award from the 
American Parkinson Disease Association. 

RECEIVED 1 JULY; ACCEPTED 22 SEPTEMBER 1999 

1. Fahn, S. in Cecil's Textbook of Medicine voU 8 (eds. Wyngaarden J B & Smith 
LH.Jr.) 2143-2147 (Saunders, Philadelphia, 1988). 

2. Pakkenberg, B., Moller, A., Gundersen, H.J.C., Mouritzen, A. & Pakkenberg, H. 
The absolute number of nerve cells in substantia nigra in normal subjects and in 
patients with Parkinson's disease estimated with an unbiased stereological 
method.;, Neuroi. Neurosurg. Psychiat. 54, 30-33 (1991), 

3. Hornykiewicz, O, & Kish, S.), in Parkinson's Ddisease (eds. Yahr, M. & Berqmann 
K.J.) 19-34 (Raven, New York, 1987). 

4. Kostic, v., Przedborski, S., Plaster, E. & Sternic, N. Early development of lev- 
odopa-induced dyskinesias and response fluctuations in young-onset Parkinson's 
disease. Neurology 4}, 202-205 (1991). 

5. Langston, J.W. & Irwin, \. MPTP: current concepts and controversies Clin 
Neuropliarmacol. 9, 485-507 (1986). 

6. Przedborski, S. & Jackson-Lewis, V. Mechanisms of MPTP toxicity. Mov Disord 
13,35-38(1998). 

7. Przedborski, S. & Jackson-Lewis, V. Experimental developments in movement dis- 
orders: update on proposed free radical mechanisms. Curr. Opin Neuroi 11 
335-339(1998). 

8. Dawson, T.M. & Dawson, V.L. Nitric oxide synthase: role as a transmitter/media- 
tor in the brain and endocrine system. Annu. Rev. I^ed. 47, 219-227 (1996). 

9. Bredt, D.S., Clatt, C.E., Huang, P.L., Fotuhi, M., Dawson, T.M. & Snyder, S.H. 
Nitric oxide synthase protein and mRNA are discretely localized in neuronal'pop- 
ulations of the mammalian CNS together with NADPH diaphorase Neuron 7 
615-624(1991). 

10. Huang, P.L., Dawson, T.M., Bredt, D.S., Snyder, S.H. & Fishman, M.C. Targeted 
disruption of the neuronal nitric oxide synthase gene. Cell 75,1273-1285 (1993) 

11. Lowenstein, C.J., Clatt, C.S., Bredt, D.S. & Snyder, S.H. Cloned and expressed 
macrophage nitric oxide synthase contrasts with the brain enzyme Proc NatI 
Acad. Sci. USA 89, 6711-6715 (1992). 

12. Keilhoff, G. et ai. Patterns of nitric oxide synthase at the messenger RNA and pro- 
tein levels during early rat brain development. Neuroscience 75 1193-1201 
(1996). 

13. Simmons, M.L & Murphy, S. Induction of nitric oxide synthase in glial cells / 
Neurochem. 59, 897-905 (1992), 

H.Wallace, M,N. & Fredens, K. Activated astrocytes of the mouse hippocampus 
contain high levels of NADPH-diaphorase, Neuroreport 3, 953-956 (1992), 

NATURE MEDICINE  • VOLUMES  •  NUMBER 12  •  DECEMBER 1999 



ARTICLES 

15. ladecola, C, Xu, X., Zhang, F., el-Fakahany, E.E. & Ross, M.E. Marked induction 
of calcium-independent nitric oxide synthase activity after focal cerebral is- 
chemia. ]. Cereb. Blood Flow Metab. 15, 52-59 (1995). 

16. Hara, H. et al. Brain distribution of nitric oxide synthase in neuronal or endothelial 
* nitric oxide synthase mutant mice using pH]L-N'^-nitro-arginine autoradiography. 

Neuroscience 75, 881-890 (1996). 
17. Dinerman, ).L., Dawson, T.M., Schell, M.|., Snowman, A. & Snyder, S.H. 

Endothelial nitric oxide synthase localized to hippocampal pyramidal cells: impli- 
cations for synaptic plasticity. Proc. Natl. Acad. So'. USA 91, Al^A-Al^S (1994). 

18. Dawson, T.M. & Dawson, V.L. in Nitric oxide. Sources and Detection of NO; NO 
Syntiiase (ed. Packer, L.) 349-358 (Academic, New York, 1996). 

19. Schuiz, ).B., iVlatthews, R.T., Muqit, M.M.K., Browne, S.E. & Seal, M.F. Inhibition 
of neuronal nitric oxide synthase by 7-nitroindazole protects against MPTP-in- 
duced neurotoxicity in mice. y. Neurochem. 64, 936-939 (1995). 

20. Przedborski, S. et al. Role of neuronal nitric oxide in MPTP (1 -methyl-4-phenyl- 
l,2,3,6-tetrahydropyridine)-induced dopaminergic neurotoxicity. Proc Natl. 
Acad. Sci. USA 93, 4565-4571 (1996). 

21. Hantraye, P. et al. Inhibition of neuronal nitric oxide synthase prevents MPTP- in- 
duced parkinsonism in baboons. Nature Med. 2,1017-1021 (1996). 

22. Matthews, R.T., Yang, L.C. & Beal, M.F. 5-methylthiocitrulline, a neuronal nitric 
oxide synthase inhibitor, protects against malonate and MPTP neurotoxicity. Exp. 
Neurol. 143, 282-286 (1997). 

23. Hunot, S. et al. Nitric oxide synthase and neuronal vulnerability in Parkinson's dis- 
ease. Neuroscience 72, 355-363 (1996). 

24. Adamson, D.C. et al. Immunologic NO synthase; elevation in severe AIDS de- 
mentia and induction by HIV-1 gp41. Science 274, 1917-1921 (1996). 

25. Nathan, C. & Xie, Q.W. Regulation of biosynthesis of nitric oxide, j. Biol. Chem. 
269,13725-13728(1994). 

26. Giovanni, A., Sieber, B.A., Heikkila, R.E. & Sonsalla, P.K. Correlation between the 
neostriatal content of the l-methyl-4-phenylpyridinium species and dopaminer- 
gic neurotoxicity following l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine ad- 
ministration to several strains of mice. /. Pharmacol. Exp. Tlier. 257, 691-697 
(1991). 

27. Forno, L.S., DeLanney, I.E., Irwin, I., Di Monte, D. & Langston, ).W. Astrocytes 
and Parkinson's disease. Prog. Brain Res. 94, 429-436 (1992). 

28. Hirsch, E.C., Hunot, S., Damier, P. & Faucheux, B. Clial cells and inflammation in 
Parkinsons' disease: a role in neurodegeneration? Ann. Neurol. 44 (Suppl. 1), 
S115-5120(1998). 

29. Ridet, J.L., Malhotra, S.K., Privat, A. & Gage, F.H. Reactive astrocytes: cellular and 
molecular cues to biological function. Trends Neurosd. 20, 570-577 (1997). 

30. Gonzalez-Scarano, F. & Baltuch, G. Microglia as mediators of inflammatory and 
degenerative diseases. Annu. Rev. Neurosd. 22, 219-240 (1999). 

31. jackson-Lewis, V., Jakowec, M., Burke, R.E. & Przedborski, S. Time course and 
morphology of dopaminergic neuronal death caused by the neurotoxin 1- 
methyl-4-phenyl-l,2,3,6-tetrahydropyridine. Neurodegeneration 4, 257-269 
(1995). 

32. Xia, Y. & Zweier, |.L. Superoxide and peroxynitrite generation from inducible nitric 
oxide synthase in macrophages. Proc. Natl. Acad. Sci. USA 94, 6954-6958 (1997). 

33. Murphy, S. et al. Synthesis of nitric oxide in CNS glial cells. Trends Neurosd. 16, 
323-328(1993). 

34. Galea, E., Feinstein, D.L. & Reis, D.J. Induction of calcium-independent nitric 
oxide synthase activity in primary rat glial cultures. Proc. Natl. Acad. Sci. USA 89, 
10945-10949(1992). 

35. Garcion, E. et al. Expression of inducible nitric oxide synthase during rat brain in- 
flammation: Regulation by 1,25-dihydroxyvitamin D3. Clia22, 282-294 (1998). 

36. Dugas, N. et al. Regulation by endogenous interleukin 10 of the expression of ni- 
tric oxide synthase induced after ligation of CD23 in human macrophages. 
Cytoklne. 10, 680-689 (1998). 

37. Hunot, S. et al. FCERII/CD23 is expressed in Parkinson's disease and induces, in 
vitro, production of nitric oxide and tumor necrosis factor-alpha in glial cells. /. 
Neurosd. 19, 3440-3447 (1999). 

38. MacMicking, J., Xie, Q.-W. & Nathan, C. Nitric oxide and macrophage function. 
Annu. Rev. Immunol. 15, 323-350 (1997). 

39. Halliwell, B. & Cutteridge, |.M. in Free Radicals in Biology and Medicine 
(Clarendon, Oxford, 1991). 

40. MacMicking, J. et al. Altered responses to bacterial infection and endotoxic shock 
in mice lacking inducible nitric oxide synthase. CeWBl, 641-650 (1995). 

41. Nathan, C. & Root, R.K. Hydrogen peroxide release from mouse peritoneal 
macrophages. Dependence on sequential activation and triggering, j. Exp. Med. 
146,1648-1662(1977). 

42. Leonard, C.S., Kerman, I., Blaha, G., Taveras, E. & Taylor, B. Interdigitation of ni- 
tric oxide synthase-, tyrosine hydroxylase-, and serotonin-containing neurons in 
and around the laterodorsal and pedunculopontine tegmental nuclei of the 
guinea pig. J. Comp. Neurol. 362, 411-432 (1995). 

43. Dawson, T.M. & Snyder, S.H. Cases as biological messengers: nitric oxide and 
carbon monoxide in the brain, y. Neurosd. 14, 5147-5159 (1994). 

44. Beckman, J.S. etal. Kinetics of superoxide dismutase- and iron-catalyzed nitration 
of phenolics by peroxynitrite. Arch. Biochem. Biophys. 298, 438-445 (1992). 

45. Ara, j. et al. inactivation of tyrosine hydroxylase by nitration following exposure 
to peroxynitrite and 1 -methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP). Proc. 
Natl. Acad. Sd. USA 95, 7659-7663 (1998). 

46. Aimer, G., Vukosavic, S., Romero, N. & Przedborski, S. Inducible nitric oxide syn- 
thase upregulation in a transgenic mouse model of familial amyotrophic lateral 
sclerosis. J. Neurochem. 72, 2415-2425 (1999). 

47. Asmus, S.E. & Newman, S.W. Colocalization of tyrosine hydroxylase and Fos in 
the male Syrian hamster brain following different states of arousal. /. Neurobiol. 
25,156-168(1994). 

48. Mandir, A.S. et al. Poly (ADP-ribose) polymerase activation mediates MPTP-in- 
duced parkinsonism. Proc. Natl. Acad. Sd. USA96, 5774-5779 (1999). 

49. Coggeshall, R.E. & Lekan, H.A. Methods for determining numbers of cells and 
synapses: a case for more uniform standards of review. J. Comp. Neurol. 364, 6-15 
(1996). 

50. West, M.J. New stereological methods for counting neurons. Neurobiol. Aging 14, 
275-285(1993). 

51. Ye, Y.Z., Strong, M., Huang, Z.-Q. & Beckman, J.S. in Nitric Oxide. Physiological 
and Pathological Processes (ed. Packer, L.) 201-209 (Acedemic, New York, 1996). 

NATURE MEDICINE  • VOLUMES  •  NUMBER 12  •  DECEMBER 1999 1409 



Journal of Neurochemistty 
Lippincott Williams & Willdns, Inc., Philadelpliia 
© 2000 International Society for Neurochemistry 

a-Synuclein Up-Regulation in Substantia Nigra Dopaminergic 
Neurons Following Administration of the Parkinsonian 

Toxin MPTP 

*Miquel Vila, *Slobodanka Vukosavic, *Vemice Jackson-Lewis, *Michael Neystat, 
fMichael Jakowec, and *$Serge Przedborski 

Departments of *Neurology and ^Pathology, Columbia University, New York, New York; and ^The Parkinson Institute, 

Sunnyvale, California, U.S.A. 

Abstract: Mutations in a-synuclein cause a form of familial 
Parl<inson's disease (PD), and wild-type a-synuclein is a 
major component of the intraneuronal inclusions called 
Lewy bodies, a pathological hallmark of PD. These obser- 
vations suggest a pathogenic role for a-synuclein in PD. 
Thus far, however, little is known about the importance of 
a-synuclein in the nigral dopaminergic pathway in either 
normal or pathological situations. Herein, we studied this 
question by assessing the expression of synuclein-1, the 
rodent homologue of human a-synuclein, in both normal 
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- 
intoxicated mice. In normal mice, detectable levels of 
synuclein mRNA and protein were seen in all brain regions 
studied and especially in ventral midbrain. In the latter, there 
was a dense synuclein-positive nerve fiber network, which 
predominated over the substantia nigra, and only few scat- 
tered synuclein-positive neurons. After a regimen of MPTP 
that kills dopaminergic neurons by apoptosis, synuclein 
mRNA and protein levels were increased significantly In 
midbrain extracts; the time course of these changes paral- 
leled that of MPTP-induced dopaminergic neurodegenera- 
tion. In these MPTP-injected mice, there was also a dra- 
matic increase in the number of synuclein-immunoreactive 
neurons exclusively in the substantia nigra pars compacta; 
all synuclein-positive neurons were tyrosine hydroxylase- 
positive, but none coexpressed apoptotic features. These 
data indicate that synuclein is highly expressed in the ni- 
grostriatal pathway of normal mice and that it is up-regu- 
lated following MPTP-induced injury. In light of the 
synuclein alterations, it can be suggested that, by targeting 
this protein, one may modulate MPTP neurotoxicity and, 
consequently, open new therapeutic avenues for PD. Key 
Words: Synuclein—MPTP—Neurodegeneration—Parkin- 
son's disease—Substantia nigra—Dopaminergic neurons. 
J. Neurochem. 74, 721-729 (2000). 

Parkinson's disease (PD) is a common disabling neu- 
rodegenerative disorder that can present as both a famil- 
ial and a nonfamilial (i.e., sporadic) condition (Fahn, 
1988). Its cardinal clinical features include tremor, stiff- 
ness, and slowness of movement, all of which are attrib- 

uted to the dramatic loss of dopaminergic neurons in the 
substantia nigra pars compacta (SNpc) (Fahn, 1988). 
Although the actual cause of PD remains unknown, a 
breakthrough on this question emerged from studies on 
the small brain-specific protein a-synuclein. The first 
clue finking a-synuclein to PD comes from the observa- 
tion that point mutations in the a-synuclein gene cause 
an autosomal dominant parkinsonian syndrome almost 
indistinguishable from the prominent sporadic form of 
PD (Polymeropoulos et al., 1997; Kruger et al., 1998). 
The two missense mutations identified thus far result in 
a single amino acid substitution in a-synuclein protein, 
that is, an alanine being replaced by a hydrophobic 
residue threonine, at position 53, and proline, at position 
30. Since the discovery of these mutations, data have 
been accumulated suggesting that both mutations may 
alter a-synuclein's normal intracellular distribution, en- 
hance a-synuclein's propensity to interact with other 
intracellular proteins, and increase a-synuclein disposi- 
tion to aggregate and consequently to form intraneuronal 
inclusions (Conway et al., 1998; El-Agnaf et al., 1998; 
Engelender et al., 1998; Giasson et al., 1999; Narhi et al., 
1999). To date, efforts to identify a-synuclein mutations 
in sporadic PD have failed (Golbe, 1999). On the other 
hand, in sporadic PD, a-synuclein has been demon- 
strated to be a major component of the intraneuronal 
inclusions, Lewy bodies (LB), which are a pathological 
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hallmark of the disease (Spillantini et al., 1997, 1998). 
Furthermore, oxidative stress, which is a leading patho- 
genic hypothesis of sporadic PD, has been reported to 
affect wild-type a-synuclein, causing the oxidatively 
damaged wild-type a-synuclein to mimic some of the 
abnormal behaviors of mutant a-synuclein (Hashimoto 
et al., 1999). These observations strongly suggest that 
both mutant and posttranslationally modified wild-type 
a-synuclein may participate in the SNpc dopaminergic 
neuron degeneration in PD, whether it is familial or 
sporadic. 

a-Synuclein is a small ubiquitous protein highly ex- 
pressed in presynaptic structures of, apparently, all neu- 
ronal pathways of the brain (Maroteaux and Scheller, 
1991; Clayton and George, 1998; Lavedan, 1998). In 
light of its presumed role in synaptic function, 
a-synuclein has been studied especially in the brain of 
various animal species during development and more 
specifically during the time frame of synaptogenesis 
(Withers et al., 1997; Petersen et al., 1999). In humans, 
a-synuclein has also been studied intensively in brain 
regions such as cerebral cortex because of the possible 
role of one of its internal fragments called NAC (i.e., 
non-/3-amyloid component) in the formation of plaques 
in Alzheimer's disease brains (Iwai et al., 1995, 1996; 
Irizarry et al., 1996; Masliah et al., 1996). However, 
although the association of mutant a-synuclein with at 
least some forms of PD is well established, our knowl- 
edge about the role of a-synuclein in normal or even 
injured SNpc dopaminergic neurons is, to date, quite 
poor. Therefore, to acquire better understanding about 
the relationship between a-synuclein and SNpc dopami- 
nergic neurons, we studied the expression and distribu- 
tion of synuclein-1, the rodent homologue of human 
a-synuclein (both referred to henceforth as a-synuclein, 
except when indicated), in normal mice. We also per- 
formed these investigations in the l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD 
to explore the response of a-synuclein to an injury and 
examine its contribution to the dopaminergic neurode- 
generative process. We elected to use the MPTP model 
because, to date, it is recognized as the best experimental 
model of sporadic PD, replicating most of the biochem- 
ical and pathological features seen in the clinical condi- 
tion (Przedborski and Jackson-Lewis, 1998). 

MATERIALS AND METHODS 

Animals 
Eight-week-old male C57/bl mice (22-25 g; Charles River 

Breeding Laboratories, Wilmington, MA, U.S.A.) were used. 
Animals were housed three per cage in a temperature-con- 
trolled room under a 12-h light/12-h dark cycle with free access 
to food and water. Mice used in this study were treated accord- 
ing to the NIH Guidelines for the Care and Use of Laboratory 
Animals and with the approval of Columbia University's Insti- 
tutional Animal Care and Use Committee. 

MPTP administration 
Mice were divided into two groups and received either a 

chronic or an acute MPTP regimen. For the chronic regimen 

(kills dopaminergic neurons by apoptosis; see Tatton and Kish, 
1997), mice received one intraperitoneal injection of MPTP- 
HCl per day (30 mg/kg/day of free base; Research Biochemi- 
cals, Natick, MA, U.S.A.) for 5 consecutive days and were 
killed at 0,1, 2,4,7,14,21, and 42 days after the last injection; 
control mice received saline injections only. Both saline- and 
MPTP-treated animals were then divided into two groups. The 
first group was perfused and the brains used for immunohisto- 
chemistry, whereas the second group of mice were killed and 
the brains quickly removed, dissected (midbrain, striatum, cer- 
ebellum, and cortex), snap-frozen on dry ice, and stored at 
-80°C for western blot and RT-PCR analysis. For the acute 
regimen (kills dopaminergic neurons by necrosis; see Jackson- 
Lewis et al., 1995), mice received on the day of the experiment 
four intraperitoneal injections of MPTP-HCl (20 mg/kg) in 
saline at 2-h intervals and were killed at 0, 2, 4, 7, and 21 days 
after injection; control mice received saline injections only. 
Both saline- and MPTP-treated animals were prepared for 
immunohistochemistry and western blot analysis as described 
above. 

Western blot analysis 
Total tissue proteins were isolated in 50 mM Tris-HCl, pH 

7.0, 150 mMNaCl, 5 mMEDTA, 1% sodium dodecyl sulfate, 
1% Nonidet P-40, and protease inhibitors (Mini Cocktail; 
Roche Diagnostics, Indianapolis, IN, U.S.A.). Protein concen- 
tration was determined using the bicinchoninic acid kit (Pierce, 
Rockford, IL, U.S.A.). After boiling in IX Laemmli buffer, 
50-100 jLig of protein was loaded onto 12-15% sodium dode- 
cyl sulfate-polyacrylamide gel electrophoresis, transferred to 
nitrocellulose or polyvinylidene difluoride membrane, and 
blocked with 5% nonfat dry milk in 1X Tris-buffered saline 
(TBS), 0.1% Tween 20 for 1 h. Incubation with one of the 
primary antibodies was performed overnight at 4°C using 
1:1,000 anti-synuclein-1 (Transduction Laboratories, Lexing- 
ton, KY, U.S.A.), 1:1,000 /3-synuclein (gift from Dr. S. Nakajo, 
Tokyo, Japan), 1:2,000 anti-synaptophysin (gift from Dr. 
Honer, Albert Einstein College of Medicine, Bronx, NY, 
U.S.A.), or 1:500 anti-tyrosine hydroxylase (anti-TH; Eugene 
Tech, Ridgefield Park, NJ, U.S.A.). Incubation with a second- 
ary anti-mouse or anti-rabbit-conjugated horseradish peroxi- 
dase antibody was performed at room temperature for 1 h. After 
washing in IX TBS, 0.1% Tween-20, blots were exposed to 
Super Signal Ultra chemiluminescence (Pierce) and exposed to 
Kodak /3-Max film. Films were then digitized, each band was 
oudined with a screen cursor driven by a hand-held mouse, and 
optical densities were determined using a computerized image 
analysis system (Inquiry image analyzer, Loats Associates, 
Westminster, MD, U.S.A.). 

Immunohistochemistry 
After being anesthetized with pentobarbital (30 mg/kg i.p.), 

saline- (n = 5) and MPTP-treated mice (0,1,2,4,7,14,21, and 
42 days after the last MPTP injection, n = 4-7 for each time 
point) were perfused intracardially with 24 ml of saline fol- 
lowed by 72 ml of cold 4% (wt/vol) paraformaldehyde in 0.1 Af 
phosphate-buffered saline (PBS), pH 7.1. Animals were then 
decapitated, and brains were removed, immersed for 72 h in the 
same 4% paraformaldehyde fixative, and cryoprotected in 30% 
sucrose in 0.1 M PBS for 48 h at 4°C. Brains were then frozen 
on dry ice-cooled isopentane and stored at — 80°C until use. 
Serial coronal sections (30 jam thickness) spanning the entire 
midbrain and the mid striatum were cut on a cryostat, collected 
free-floating in PBS, and processed as described below. 
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For all immunostaining, sections were first rinsed (3X5 
min) with 0.1 M PBS, pH 7.4. Sections were then immersed in 
a solution of 3% H2O2/10% methanol for 5 min, followed by 
incubation with 5% normal horse serum (NHS) for 60 min. 
Sections were then incubated with the primary antibody (anti- 
synuclein-1, 1:1,000) in 0.1 M PBS, pH 7.4, containing 2% 
NHS and 0.3% Triton X-100, for 48 h at 4°C on a shaker. After 
rinsing in PBS, biotinylated secondary horse anti-mouse IgG 
(1:200; Vector, Burlington, CA, U.S.A.) in 0.1 MPBS, pH 7.4, 
containing 2% NHS was added, and the sections were incu- 
bated for 60 min at room temperature. This was followed by a 
final incubation in avidin/biotin peroxidase complex (Vector) 
for 60 min. Visualization was performed by incubation in 
3,3'-diaminobenzidine/glucose/glucose oxidase for 10 min. All 
sections were then washed 3X5 min in PBS, mounted on 0.1% 
gelatin-coated slides, dried, dehydrated in graded ethanols, 
cleared in xylenes, and coverslipped. To test the specificity of 
the immunostaining, control sections were processed in an 
identical manner but with the primary or secondary antibody 
omitted. Adjacent sections were immunostained for TH 
(1:1,000; Calbiochem, San Diego, CA, U.S.A.) and counter- 
stained with thionin. 

To examine the colocalization of a-synuclein with TH, a 
double-immunofluorescence technique was used. After wash- 
ing, sections were blocked in 5% normal goat serum and NHS 
in 0.1 M TBS for 1 h. Incubation with primary antibodies was 
performed for 48 h at 4°C, with anti-synuclein-1 (1:200) and 
anti-TH (1:500) antibodies. As the anti-TH antibody was made 
in rabbit and the anti-synuclein-1 antibody was made in mouse, 
we used different secondary antibodies for double labeling: 
anti-rabbit IgG labeled with Texas Red, and biotinylated anti- 
mouse IgG, followed by avidin D labeled with fluorescein. 
Sections were examined on green, red, and double (green 
-I- red) filters using confocal microscopy. To colocalize 
a-synuclein staining with apoptotic morphology, additional 
fluorescent a-synuclein-stained sections were counterstained 
with the DNA dyes TOTO-3 iodide (2 /xM in the secondary 
antibody solution) or Hoechst 33342 (10 fxg/ml in phosphate 
buffer for 45 min) (both from Molecular Probes, Eugene, OR, 
U.S.A.). 

Quantitative morphology 
Early and late in the course of the MPTP neurodegenerative 

process, the number of a-synuclein-positive cells was minimal 
or none. This rendered unreliable the use of our stereological 
method (Mandir et al., 1999) because this approach requires a 
minimal number of cells being "countable" by applying the 
random paradigm. If the number is too small, we may miss the 
rare positive cells and count no cells that may be false. Thus, if 
this situation occurs, we will return to our assumption-based 
method (Przedborski et al., 1996), which is not affected by the 
rarity of the counted cells, following the recommendations of 
the editors of the Journal of Comparative Neurology (Cogge- 
shall and Lekan, 1996) on the question. We are also aware that 
our conclusions regarding counted cells using this assumption- 
based method should only imply whether there are significantly 
more or less counted cells in the experimental cases. By ap- 
plying these strict criteria, the above-cited editorial (Coggeshall 
and Lekan, 1996) indicates that our assumption-based method 
of cell counts is valid. In brief, counts were performed manu- 
ally and blinded to the treatment received (i.e., MPTP or 
saline). For each mouse (n = 4-7 per group), eight different 
stereotaxic planes encompassing the entire substantia nigra and 
containing the SNpc were analyzed (interaural 0.88 to 0.16 
mm; Franklin and Paxinos, 1997) by scanning the entire SNpc 

on both sides (light microscopy; X200). The average number of 
neurons in each plane was added to provide a measure of the 
total number of SNpc a-synuclein-positive neurons for each 
animal and then divided by the number of counted sections to 
provide the number of a-synuclein-positive cells per section. 

RNA extraction and RT-PCR 
Total RNA was extracted from midbrain, striatal, and cere- 

bellar samples from saline- and chronic MPTP-treated animals 
(at 0,4, 7, 21, and 42 days after last MPTP injection, n = 5 for 
each time point) using a Qiagen RNA isolation kit (Qiagen, 
Valencia, CA, U.S.A.). The yield and quality of the RNA were 
determined by measuring the absorbance at 260 and 280 nm in 
a spectrophotometer. First-strand cDNA was synthesized from 
1 tig of total RNA by reverse transcription, using the Super- 
Script Preamplification System with Superscript 11 RNase H- 
reverse transcriptase (GibcoBRL Life Technologies, Grand Is- 
land, NY, U.S.A.). The reaction mixture (20 /xl) for PCR 
consisted of 1 JLII of cDNA template, 18 ju,l of Supermix 
(GibcoBRL), 0.01 pmol of [^^PJdCTP (New England Nuclear, 
Boston, MA, U.S.A.; specific activity, 3,000 Ci/mmol), and 
4-10 pmol of each specific primer. The primer sequences were 
5'-GTGGTTCATGGAGTGACAAC-3' (forward) and 5'-AG- 
GCTTCAGGCTCATAGTCT-3' (reverse) for a-synuclein and 
5'-AGAGAGGACCAGTCAGCCAA-3' (forward) and 5'- 
TGACCAGAACCTTCTCTCAAGC-3' (reverse) for synapto- 
physin. As an internal control, glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) cDNA was coamplified using primer 
sequences 5'-GTTTCTTACTCCTTGGAGGCCAT-3' (for- 
ward) and 5'-TGATGACATCAAGAAGTGGTGAA-3' (re- 
verse). Each PCR cycle consisted of denaturation at 94°C for 1 
min, annealing at 62°C for 1 min, and extension at 72°C for 1.5 
min, followed by a final 10-min extension at 72°C. PCR am- 
plification was carried out for 27 cycles for a-synuclein and 
synaptophysin and 22 cycles for GAPDH using a Perkin-Elmer 
GeneAmp 9700 thermal cycler. The conditions for each PCR 
amplification resulted in an exponential amplification range for 
quantification of each mRNA. After amplification, samples 
were separated on 5% polyacrylamide gel electrophoresis in 
0.5 X Tris-borate-EDTA buffer. Gels were dried and exposed 
overnight to a phosphorimager screen, and then radioactivity 
was quantified using a computerized analysis system (Bio-Rad 
Phosphorimager system). 

Statistical analysis 
For each experiment, four to seven mice per group were 

studied and all values are expressed as the means ± SEM. 
Differences were analyzed using one-way ANOVA with the 
different groups of mice as the independent factor. When 
ANOVA showed significant differences, pairwise comparisons 
were tested by Newman-Keuls post-hoc analysis. In all anal- 
yses, the null hypothesis was rejected at the 0.05 level. 

RESULTS 

Increased a-synuclein protein expression in the 
ventral midbrain after chronic MPTP intoxication 

To determine whether a-synuclein may be involved in 
the deleterious cascade of events induced by MPTP, we 
assessed a-synuclein protein expression levels in the 
ventral midbrain of MPTP-intoxicated mice, at different 
time points after MPTP administration, using western 
blot analysis. The immunoblot for a-synuclein resulted 
in a single band of 19 kDa, as previously described 
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FIG. 1. Expression of synuclein-1, synaptophysin, and TH pro- 
teins in ventral midbrain sampies of saline-treated (S) and 
chronic MPTP-intoxicated mice at different time points after 
intoxication. Tlie immunoblot for synuclein-1 resulted in a single 
band of 19 kDa (A), confirming the specificity of the antibody. 
Quantitative results (B) were obtained by measurement of the 
optical density of each band using a computerized image anal- 
ysis system as described in Materials and Methods. After 
chronic MPTP regimen, a-synuclein protein expression in- 
creased progressively in midbrain extracts from 0 to 4 days after 
MPTP administration, and then returned to the level of controls. 
Parallel to changes in a-synuclein protein expression, levels of 
synaptophysin progressively decreased in the ventral midbrain 
after chronic MPTP administration. Similarly, TH protein expres- 
sion was also decreased after MPTP intoxication, reflecting the 
progressive loss of dopaminergic neurons. No changes in 
a-synuclein protein levels were detected in the striatum or in 
other cerebral structures, such as cerebellum or cortex (data not 
shown). *p < 0.05, compared with saline (Newman-Keuls post- 
hoc analysis). 

(Ueda et al., 1993). Quantitative results were obtained by 
measuring the optical density of each band using a com- 
puterized image analysis system as described in Materi- 
als and Methods. After the chronic MPTP regimen, 
a-synuclein protein expression progressively increased 
in midbrain extracts from 0 to 4 days after MPTP ad- 
ministration (Fig. 1). This increase was already signifi- 
cant at 0 days (-1-44%), peaked at 4 days (+77%), and 
then returned to control level. No changes in a-synuclein 
protein levels were detected in the striatum or in other 
cerebral structures, such as cerebellum or cortex (data 
not shown). In addition to a-synuclein, levels of synap- 
tophysin, another presynaptic protein, were determined 
to test the possibility that a-synuclein alterations might 
be part of a nonspecific response of synaptic-related 
proteins to MPTP injury. In contrast to changes in 
a-synuclein protein levels, synaptophysin protein levels 
progressively decreased in the ventral midbrain after 
chronic MPTP administration (Fig. 1). No change of 
expression was detected in another member of the 
synuclein family, jS-synuclein. TH protein levels were 

also decreased after chronic MPTP intoxication, reflect- 
ing the progressive loss of dopaminergic neurons. In 
contrast to the chronic regimen of MPTP, the acute 
regimen did not result in any significant change in 
a-synuclein protein expression. 

Regional and cellular localization of a-synuclein 
up-regulation 

To determine whether the observed changes in 
a-synuclein protein expression within the ventral mid- 
brain were specific to the SNpc, we performed immuno- 
histochemistry with the same anti-synuclein-1 antibody 
as used for the western blot. In saline-injected mice, 
there was a dense network of a-synuclein-positive nerve 
fibers over the entire substantia nigra that predominated 
in the pars reticulata (SNpr) and especially in its most 
medial and ventral parts. Superimposed on this dense 
a-synuclein-positive neuropil, there were also a few scat- 
tered a-synuclein-positive cells with a definite neuronal 
morphology in the SNpc (Fig. 2). Within a-synuclein- 
positive neurons, immunostaining was distributed dif- 
fusely over the somata with greater immunoreactivity in 
the cytoplasmic than in the nuclear area, and appeared to 
extend to proximal neuronal processes. After chronic, 
but not acute, MPTP intoxication, we did not observe 
any alteration at the level of a-synuclein-positive neuro- 
pil staining in the SNpc and SNpr. In contrast, after this 
MPTP regimen, the number of a-synuclein-positive neu- 
rons in the SNpc increased dramatically as early as 0 
days after the last MPTP injection (i.e., 5 days after the 
first MPTP injection) (Fig. 2); the number of 
a-synuclein-positive neurons in the SNpc returned to 
baseline (i.e., saline controls) by 21 days after MPTP 
administration (data not shown). Of note, in neither sa- 
line- nor MPTP-injected mice did we observe (a) any 
immunostaining in the absence of the primary anti- 
synuclein-1 antibody, (b) any a-synuclein-positive intra- 
neuronal aggregate, or (c) any glial cells exhibiting 
a-synuclein immunoreactivity. 

Adjacent sections immunostained with TH and coun- 
terstained with thionin confirmed the cellular loss in- 
duced by MPTP intoxication, as previously described 
(Jackson-Lewis et al., 1995; Tatton and Kish, 1997). 
Furthermore, thionin staining revealed the presence of 
apoptotic morphology in the SNpc of chronic MPTP- 
intoxicated animals (Fig. 2). None of these apoptotic 
features could be colocalized with a-synuclein immuno- 
reactivity with absolute certainty. 

Double immunofluorescence was performed to iden- 
tify the phenotype of neurons expressing a-synuclein. 
Examination with confocal microscopy revealed that all 
a-synuclein-positive neurons in the SNpc colocalized 
with TH immunoreactivity (Fig. 3), suggesting that 
a-synuclein up-regulation after MPTP occurs specifi- 
cally within dopaminergic neurons, even if not all TH- 
positive neurons were immunostained with a-synuclein. 
Adjacent sections were used to colocalize fluorescent 
a-synuclein staining with apoptotic morphologies, using 
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FIG. 2. Representative photomicrographs illus- 
trating synuclein-1 immunoreactivity (brown) in 
the ventral midbrain of saline-treated (A) and 
chronic MPTP-intoxicated (B) mice, counter- 
stained with thionin (blue). Quantitative results 
(C) were obtained by counting a-synuclein-la- 
beled neurons in the SNpc. A strongly immuno- 
stalned fiber network was observed in the SNpr 
in both saline-treated and MPTP-intoxicated 
animals (A and B). A small number of 
a-synuclein-immunoreactlve neuronal bodies 
were detected In the SNpc of control saline- 
injected mice (A and C). After chronic, but not 
acute, MPTP Intoxication, the number of 
a-synuclein-posltive neurons In the SNpc In- 
creased dramatically (B and C), with peal<s at 0 
(as shown in B) and 7 days after intoxication. 
The number of a-synuclein-immunoreactlve 
neurons progressively returned to levels similar 
to that of controls after 21 days (data not 
shown). a-Synuciein staining was regularly dis- 
tributed within the neuronal cytosol, as seen at 
higher magnification in the upper Inset in B, with 
no detectable intraneuronal Inclusions. Up-reg- 
uiatlon of a-synuclein expression was parallel to 
an apoptotic mode of neuronal death In the 
SNpc, as illustrated In the lower inset in B, with 
the presence of apoptotic morphology (with 
chromatin clumps) detected by thionin staining. 
No coiocalization of apoptotic morphology with 
a-synuclein Immunostaining was detected. *p 
< 0.05, compared with saline (Newman-Keuis 
post-hoc analysis). Scale bars = 200 (xm (A), 40 
(xm (upper inset In B), and 10 (xm (lower inset 
InB). 

saline     0 1 2 4 7        14 

MPTP (day) 

FIG. 3. Representative photomicrographs Illustrating double-lmmunofluorescence staining, visualized with confocai microscopy, of 
synucleln-1 (green, B and E) and TH (red, A and D) in the SNpc of saline-injected mice (D-F) and after chronic MPTP administration (at 
0 day after last MPTP Injection) (A-C). In chronic MPTP-treated animals, a-synuciein immunoreactivity was colocalized with TH, as seen 
by double filter (red + green) In C. In saline-injected animals, very few a-synuciein-posltive neurons were detected by immunofluores- 
cence (E), as Illustrated by a predominance of TH (red)-labeled cells using double filter (F). Scale bar = 50 ;am. 
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Synuclein 1 

GAP-DH 

MPTP(day) 

B 

MPTP(day) 

FIG. 4. Midbrain a-synuclein mRNA expression detected by 
RT-PCR. A photograph of the gel (A) and the corresponding bar 
graph (B) show increased a-synuciein mRNA expression after 
chronic IVIPTP administration compared with that in saline-In- 
jected mice. Levels of a-synuclein mRNA expression progres- 
sively decreased to the level of controls up to 21 and 42 days 
(data not shown). GAPDH mRNA expression levels were deter- 
mined as an internal control and used to normalize the values for 
a-synuclein mRNA expression. No changes in a-synuclein 
mRNA expression were found in either the striatum or the cer- 
ebellum, and expression levels of synaptophysin mRNA were 
unchanged after MPTP intoxication (data not shown). *p < 0.05, 
compared with saline (Newman-Keuls post-hoc analysis). 

TOTO-3 iodide and Hoechst 33342 DNA dyes, failing to 
reveal any definite colocalization. 

Up-regulation of a-synuclein mRNA following 
MPTP administration 

To determine whether changes in a-synuclein protein 
expression are accompanied by changes in a-synuclein 
mRNA levels, additional midbrain samples of chronic 
MPTP-treated mice were used for semiquantitative RT- 
PCR amplification. Other cerebral structures, such as the 
striatum and the cerebellum, were also analyzed. In par- 
allel, expression levels of synaptophysin mRNA were 
also determined. As an internal control, the mRNA levels 
of expression of the housekeeping gene GAPDH were 
determined and used to normalize the levels of 
a-synuclein and synaptophysin mRNA. 

Consistent with a-synuclein protein alterations, 
a-synuclein mRNA was increased in the midbrain fol- 
lowing chronic MPTP intoxication in a time-dependent 
manner (Fig. 4), peaking at 4 days (-1-94%) after intox- 
ication and then progressively decreasing to the level of 
controls up to 21 days. No changes in a-synuclein 
mRNA expression were found in either the striatum or 
the cerebellum. Expression levels of synaptophysin 
mRNA in the ventral midbrain were either unchanged or 
decreased, although not statistically significant, after 
MPTP intoxication (data not shown). 

DISCUSSION 

In the present study, we first report the regional and 
cellular distribution of a-synuclein within the SNpc, 

which, to date, has not been studied. In normal mice, a 
striking aspect is the conspicuous a-synuclein-positive 
nerve fiber network that covers the entire substantia 
nigra, in the presence of only rare a-synuclein-positive 
neuronal cell bodies. This remarkable dissociation of 
a-synuclein immunoreactivity between nerve fibers and 
cell bodies is consistent with its known normal intracel- 
lular distribution in various regions of the mature brain in 
other animal species and is in keeping with its presumed 
synaptic function (Maroteaux and Scheller, 1991; Clay- 
ton and George, 1998; Lavedan, 1998). At the cellular 
level, most of the immunoreactivity was located in the 
cytoplasm of a-synuclein-positive perikarya and proxi- 
mal processes, with some also present in the nuclei. 
Although we did not formally study other structures of 
the basal ganglia, robust a-synuclein immunostaining 
was also observed in the striatum, which showed high 
immunoreactivity, followed by the subthalamic nucleus, 
the globus pallidus, and the thalamus, all of which 
showed moderate-to-low immunoreactivity. This re- 
gional and cellular pattern of a-synuclein immunostain- 
ing agrees with that previously reported (Maroteaux and 
Scheller, 1991; Tobe et al., 1992; Irizarry et al., 1996; 
Lavedan, 1998), although the originally described nu- 
clear localization of a-synuclein immunoreactivity, 
which we also observed in neurons of the normal mouse 
SNpc, has not been observed by all investigators. 

This study also defines the topographical and temporal 
relationship between a-synuclein expression and neuro- 
nal degeneration following MPTP administration by us- 
ing two different regimens of MPTP injections: one, 
called acute, kills SNpc dopaminergic neurons by necro- 
sis, whereas the other, called chronic, kills SNpc dopa- 
minergic neurons by apoptosis (Jackson-Lewis et al., 
1995; Tatton and Kish, 1997). It appeared important to 
ascertain the a-synuclein response in the context of these 
two morphologically defined modes of cell death, as they 
represent the two current schools of thought regarding 
forms of cell death in PD (Burke and Kholodilov, 1998). 
Indeed, for many years, the consensus has been that, in 
PD, as in any pathological brain condition, neurons die 
by necrosis. However, biochemical and morphological 
features of apoptosis have been identified in parkinso- 
nian, but not in control, postmortem brain samples 
(Burke and Kholodilov, 1998). This has raised the pos- 
sibility that apoptosis may be a mode of neuronal death 
not only during development and morphogenesis, but 
also in diseased mature brain as in PD. Thus, it is 
interesting that a-synuclein expression appeared dramat- 
ically altered in the mouse brain following only the 
chronic, and not the acute, regimen of MPTP. The dis- 
crepancy in the a-synuclein response to the acute and 
chronic regimen cannot be explained by the dose of toxin 
used because we and others have demonstrated that one 
injection of 30 mg/kg/day for 5 consecutive days (i.e., 
chronic regimen) or four injections of 20 mg/kg every 
2 h in 1 day (i.e., acute regimen) cause, in both cases, a 
loss of SNpc dopaminergic neurons that is, in this strain 
of mice, -60% (Jackson-Lewis et al., 1995; Tatton and 
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Kish, 1997). The difference cannot be explained by the 
time points studied either, as those cover the SNpc do- 
paminergic neurodegeneration produced by both the 
chronic and acute regimen (Jackson-Lewis et al., 1995; 
Tatton aftd Kish, 1997). Therefore, at this point the most 
parsimonious explanation may be that a-synuclein alter- 
ation in the SNpc is associated specifically with the 
occurrence of apoptosis. Along this line, it is relevant to 
point out that the time course of a-synuclein up-regula- 
tion paralleled that of neuronal death produced by the 
chronic MPTP regimen, by either preceding or coincid- 
ing with the wave of actual cell degeneration. It is also 
important to mention that changes in a-synuclein expres- 
sion followed the regional specificity of MPTP neuro- 
toxic effects because a-synuclein mRNA and protein 
expression was increased in ventral midbrain, and spe- 
cifically in dopaminergic neurons of the SNpc, but not in 
other structures, such as the cortex or cerebellum. The 
absence of detectable a-synuclein alterations in the stri- 
atum, despite definite MPTP-induced damage to SNpc 
projecting nerve fibers in this structure, likely reflects the 
small percentage that dopaminergic terminals represent 
in the striatum relative to the total pool of terminals 
(Descarries et al., 1996). On the other hand, increased 
a-synuclein expression does not seem to be part of a 
common response of synaptic-related proteins to MPTP 
injury because the expression levels of synaptophysin, 
another synapse-associated protein, were either un- 
changed or decreased after chronic MPTP intoxication. It 
is also noteworthy that the increase in the number of 
a-synuclein-immunoreactive cells lasted longer than the 
increases in the levels of a-synuclein mRNA and protein. 
Indeed, following MPTP injection, levels of a-synuclein 
protein detected by western blot were close to the levels 
found in saUne-injected controls by day 7, whereas the 
number of a-synuclein-positive neurons was still in- 
creased by this time point and only appeared to return to 
baseline after day 14. This can be explained by the fact 
that although neurons may remain unquestionably im- 
munoreactive beyond day 7, their actual a-synuclein 
protein content may have already decreased significantly. 
Changes in a-synuclein expression within the dense 
a-synuclein-positive fiber network in the substantia nigra 
may also contribute to this discrepancy. It is also impor- 
tant to mention that a-synuclein, which is primarily a 
synaptic-associated protein, is initially produced in the 
cell body and then rapidly transported to the nerve ter- 
minals (Withers et al., 1997). Accordingly, as MPTP 
damages terminals first and most severely (Herkenham 
et al., 1991; Jackson-Lewis et al., 1995), it is possible 
that the apparent increased content of ventral midbrain 
a-synuclein protein and number of SNpc a-synuclein- 
positive neurons result from an impaired anterograde 
transport of the protein and its subsequent accumulation 
at the site of synthesis. Although this possibility cannot 
be excluded with certainty, the observation that levels of 
a-synuclein mRNA are also increased rather supports the 
view that following MPTP administration a-synuclein is 

up-regulated and not solely accumulated in the cell bod- 
ies of SNpc dopaminergic neurons. 

Altogether our data raise the possibility that 
a-synuclein up-regulation, which occurs in the specific 
context of MPTP-induced apoptotic death in SNpc do- 
paminergic neurons, contributes to the cascade of dele- 
terious events that ultimately kill these cells. For in- 
stance, in Ught of the synaptic location of a-synuclein, it 
may be envisioned that its up-regulation may affect the 
normal synaptic machinery, which, in turn, may disturb 
the trophic support of SNpc dopaminergic neurons orig- 
inating from the striatum. This hypothesis is of particular 
relevance to apoptosis because, in many settings, depri- 
vation of the target-derived trophic support triggers a 
massive apoptotic death among the projecting neurons 
(Burke and Kholodilov, 1998). By using a two-hybrid 
system, it has been demonstrated that a-synuclein can 
bind to intracellular proteins (Engelender et al., 1999). 
Although, among those, none seemed to belong to the 
large family of apoptotic-related proteins, it remains 
plausible that up-regulation of a-synuclein may alter the 
normal intracellular trafficking of certain proteins that, 
like many of the Bcl-2 family members, depend on being 
at a specific intracellular location to exert their regulatory 
effects on apoptosis (Merry and Korsmeyer, 1997). 
There is also compelling evidence to indicate that 
a-synuclein has a significant propensity to aggregate, 
and that this property can be enhanced by the famihal 
PD-linked mutations or by posttranslational modifica- 
tions, such as produced by oxidative stress (Conway 
et al., 1998; El-Agnaf et al., 1998; Giasson et al., 1999; 
Hashimoto et al., 1999; Narhi et al., 1999). Relevant to 
this is the fact that a-synuclein is present in high 
amounts in the intraneuronal inclusion LB, which is 
regarded by some as a key factor in the demise of SNpc 
dopaminergic neurons in PD (Spillantini et al., 1997, 
1998). In the MPTP mouse model, we failed to identify 
any evidence supporting the formation of intraneuronal 
inclusions in SNpc dopaminergic neurons, whether they 
were a-synuclein-immunoreactive or not. This rules out 
the possibility that a-synuclein up-regulation, should it 
play a role in the MPTP-induced neurotoxic process, 
does so through the formation of LB-like inclusions. 
However, except for old-aged monkeys (Forno et al., 
1988), it is known that MPTP does not stimulate the 
formation of LB-like inclusions, and thus the MPTP 
model may not be suitable to study the role of 
a-synuclein aggregation in the SNpc dopaminergic neu- 
rodegenerative process. Arguing against a role of 
a-synuclein up-regulation in the MPTP neurotoxic pro- 
cess is the fact that although we found a close regional 
and temporal relationship between a-synuclein up-regu- 
lation and induced neuronal death, we did not find any 
definite association at a cellular level between 
a-synuclein protein expression and morphological fea- 
tures of apoptosis: chromatin clumps, as evidenced by 
thionin or fluorescent DNA dyes (Clarke and Oppen- 
heim, 1995; Suzuki et al., 1997), could not be unequiv- 
ocally colocaHzed with a-synuclein immunoreactivity in 
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neurons. We cannot exclude, however, that at this ad- 
vanced stage of cellular injury, there is not a loss of 
immunoreactivity, which may account for the difficulty 
in colocalizing apoptotic features with a-synuclein im- 
munostaining. For example, it is notorious that only a 
small fraction of the SNpc apoptotic neurons seen during 
normal development retain their TH immunoreactivity 
(Oo and Burke, 1997). It should also be mentioned that 
apoptotic profiles found in a brain section at any given 
time following the chronic MPTP regimen are few in 
number and that apoptotic cells undergo a rapid turnover 
estimated at only a few hours (Oppenheim, 1991), mak- 
ing the likelihood of identifying both apoptotic features 
and a-synuclein immunoreactivity within the same neu- 
ron quite low. 

As mentioned above, a main target of MPTP toxicity 
is the dopaminergic nerve terminals of the striatum 
(Herkenham et al., 1991; Jackson-Lewis et al., 1995). 
Therefore, one may speculate that our results, rather than 
being the expression of a death process, can represent the 
expression of a synaptic plasticity response. Supporting 
this view is the observation that the avian a-synuclein 
homologue synelfin is specifically up-regulated during 
early stages of song learning in zebra finch, suggesting a 
role for the synuclein family in shaping up the synaptic 
network (George et al., 1995). Furthermore, a-synuclein 
up-regulation in the substantia nigra during postnatal 
development in rats coincides with the time of maximal 
synaptogenic activity (Burke and Kholodilov, 1998); 
similar observations have been reported at the level of 
the hippocampus and cerebral cortex (Petersen et al, 
1999). Conversely, we may argue against this plasticity 
hypothesis by emphasizing the fact that, in this case, we 
would have expected to see similar a-synuclein changes 
after the acute and chronic MPTP regimens, and not only 
in the levels of a-synuclein, but also in the levels of other 
synaptic proteins, such as synaptophysin. 

Most of the a-synuclein-positive neurons had a 
healthy morphological appearance following MPTP ad- 
ministration. This observation may suggest a third pos- 
sibility for a-synuclein up-regulation, that is, it repre- 
sents a cellular attempt to survive MPTP injury. Consis- 
tent with this is the observation that a-synuclein up- 
regulation also seemed to involve surviving SNpc 
neurons in the model of programmed cell death induced 
by developmental striatal target lesion in rats (Burke and 
Kholodilov, 1998). In the context of Alzheimer's dis- 
ease, it has been reported that surviving synapses in 
Alzheimer's brains contain a higher concentration of 
a-synuclein compared with controls (Masliah et al., 
1996). Also relevant to the speculated beneficial role of 
a-synuclein up-regulation are the observations that 
a-synuclein is a potent inhibitor of phospholipase D2 
(Jenco et al., 1998) and that, by nullification of phospho- 
lipase A2, which is a closely related member of this 
family, mice become resistant to MPTP (Klivenyi et al., 
1998). 

In summary, this study reports on alterations of 
a-synuclein expression in the MPTP mouse model of PD 

and its relationship to the mode of neuronal death, as 
well as the time course and the regional specificity of 
these changes. These data provide valuable descriptive 
information regarding a-synuclein in both the normal 
and the injured dopaminergic nigrostriatal pathway. In 
addition, the observed changes in a-synuclein expres- 
sion, whether they are part of a death or, on the contrary, 
of a surviving response, bring to light significant alter- 
ations within the SNpc neurons that could be targeted for 
the development of new neuroprotective therapies 
for PD. 
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Tyrosine hydroxylase (TH) is modified by nitration 
after exposure of mice to l-methyl-4-phenyl-l,2,3,6-tetra- 
hydrophenylpyridine. The temporal association of tyro- 
sine nitration with inactivation of TH activity in vitro 
suggests that this covalent post-translational modifica- 
tion is responsible for the in vivo loss of TH function 
(Ara, J^ Przedborski, S^ Naini, A. B., Jackson-Lewis, V^ 
Trifiletti, R. R., Horwitz, J,^ and Ischiropoulos, H. (1998) 
Proc. Natl. Acad. Set U. S. A. 95,7659-7663). Recent data 
showed that cysteine oxidation rather than tyrosine ni- 
tration is responsible for TH inactivation after per- 
oxynitrite exposure in vitro (Kuhn, D. JVL, Aretha, C. W., 
and Geddes, T. J. (1999) J. NeuroscL 19, 10289-10294). 
However, re-examination of the reaction of peroxyni- 
trite with purified TH failed to produce cysteine oxida- 
tion but resulted in a concentration-dependent increase 
in tyrosine nitration and inactivation. Cysteine oxida- 
tion is only observed after partial unfolding of the pro- 
tein. Tyrosine residue 423 and to lesser extent tyrosine 
residues 428 and 432 are modified by nitration. Mutation 
of Tyr^^ to Phe resulted in decreased nitration as com- 
pared with wild type protein without loss of activity. 
Stopped-flow experiments reveal a second order rate 
constant of (3.8 ± 0.9) x lO' M~* s~* at pH 7.4 and 25 °C for 
the reaction of peroxynitrite with TH. Collectively, the 
data indicate that peroxynitrite reacts with the metal 
center of the protein and results primarily in the nitra- 
tion of tyrosine residue 423, which is responsible for the 
inactivation of TH. 
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Tyrosine hydroxylase (TH)* (EC 1.14.16.2) is a non-heme 
iron, tetrahydrobiopterin-dependent protein that catalyzes the 
conversion of tjrrosine to L-dihydroxyphenylalanine (D-DOPA) 

and represents the rate-limiting step in the biosynthesis of 
catecholamines (1). Loss of ability to synthesize catecholamines 
is an important step in the development of Parkinson's disease 
(PD) and other neurodegenerative diseases (2-6). Early loss of 
TH activity followed by a decline in TH protein is thought to 
contribute to the dopamine deficiency and phenotypic expres- 
sion in PD and the MPTP mouse model (4). Tyrosine hydroxy- 
lase is a selective target for nitration following administration 
of the parkinsonian toxin MPTP to mice and following exposure 
of PC12 cells to either peroxynitrite or l-methyl-4-phenylpyri- 
diniun ion (7). Nitration of one or more tyrosine residues of TH 
was temporally associated with loss of enzjrmatic activity. The 
magnitude of inactivation was proportional to the number of 
TH molecules that were nitrated in PC12 cells. In the mouse 
striatum, the tyrosine nitration-mediated loss in TH activity 
parallels the decline in dopamine levels whereas the levels of 
TH protein remain unchanged for the first 6 h post-MPTP 
injection (7). 

However, a recent report indicated that exposure of recom- 
binant purified TH to peroxynitrite in vitro results not only in 
nitration of tyrosine residues but also in the formation of co- 
valently linked dimers and oxidation of cysteine residues (8). 
The same report also indicated that cysteine oxidation rather 
than tjrrosine nitration is responsible for the loss of TH enzy- 
matic activity (8). Cysteine, methionine, tryptophan, and tyro- 
sine appear to be the principal amino acids in proteins modified 
by peroxjmitrite in vitro (9-14). To resolve the apparent differ- 
ences, the reaction of peroxynitrite with recombinsint purified 
rat TH in vitro was re-examined, and no evidence of cysteine 
oxidation was found. Oxidation of one cysteine residue per 
molecule of TH was observed only at high peroxynitrite con- 
centrations, and three cysteine residues were oxidized in par- 
tially unfolded protein. Amino acid analysis failed to show any 

^The abbreviations used are: TH, tyrosine hydroxylase; DAMBI, 
4-(dimethylamino)phenylazophenyl-4'-maleimide; L-DOPA, L-dihy- 
droxyphenylalanine; DTNB, 5,5'-dithiobis(2-nitrobenzene); DTPA, di- 
ethylenetriaminepentaacetic acid; MPTP, l-methyl-4-phenyl-l,2,3,6- 
tetrahydrophenylpyridine; NEM, JV-ethylmaleimide; PD, Parkinson's 
disease; GST, glutathione S-transferase; MES, 4-morpholineethanesul- 
fonic acid; HPLC, high performance liquid chromatography; OPA, or- 
*feo-phenyldialdehyde; CD, circular dichroism; GdmHCl, guanidinium 
hydiw;hloride. 
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alteration of methionine, trjfptophan, or any other amino acid 
residues. Digestion and sequence analysis of peptides indicated 
that nitration of tyrosine 423 is the primary residue modified 
by peroxynitrite, which was further confirmed by a significant 
decrease in nitration of the Tyr"*^ -> Phe mutant TH expressed 
in Escherichia coli. In addition, no loss of TH enzymatic activity 
was detected after peroxynitrite treatment of the Tjrr*^ -> Phe 
mutant TH. Stopped flow experiments revealed reactivity with 
the ferrous iron in TH typical of metalloproteins reacting with 
peroxynitrite (15-17). The absence of other amino acid modifi- 
cations at low peroxynitrite concentrations suggests that nitra- 
tion of tyrosine 423 is responsible for the inactivation of TH by 
peroxjmitrite. 

MATERIALS AND METHODS 

Purification and Activity Assay of TW—Recombinant tyrosine hy- 
droxylase was isolated from BL21(DE3)pLysS E. coli expressing the 
full-length cDNA clone isolated from a rat pheochromocytoma library 
(18). E. coli were grown in UB broth in the presence of 0.1 mM FeSOj to 
midlog phase and then induced with 1 mM isopropyl-1-thio-p-D-galac- 
topyranoside for another 2 h. Addition of FeSOj is essential to retain 
functional protein, because in the absence of ferrous iron salt, only 60% 
of the purified GST-TH fusion contained metal (19). The E. coli pellets 
were suspended in a 10-fold excess of 0.05 M Tris-HCl, pH 7.2 (wM, and 
homogenized according to the method of Wang et al. (20). This mixture 
was sonicated with four 30-s pulses at 20% power. After centrifiigation, 
the supernatant was discarded and the pellet was resuspended in the 
same volume. The mixture was then sonicated with ten 30-s pulses. The 
supernatant was collected by centriftigation and removed. The pellet 
was resxispended and sonicated once again. The combined supematants 
were precipitated with ammonium sulfate. The fraction between 30 and 
42% was purified further by column chromatography on heparin- 
Sepharose CL-6B. Tyrosine hydroxylase was eluted with a KCl gradient 
(0-0.7 M) in 0.05 M phosphate buffer, pH 6.5. The purity of peak 
fractions was evaluated by SDS-polyacrylamide gel electrophoresis and 
staining with Coomassie Blue and was foimd to be greater than 95%. 

Tyrosine hydroxylase was assayed by the release of [^HlHjO from 
PHjtyrosine in the presence of catalase (21, 22). Approximately 5 fig of 
purified tyrosine hydroxylase was assayed in a volume of 30 /J contain- 
ing the following additions: 50 mM MES, pH 5.5, 1 mM 6(R)-L-e7y<fero- 
5,6,7,8-tetrahydrobiopterin (Alexis), 1500 imits/ml catalase, 5 mM 
dithiothreitol, 5 mM FeSOj, 0.10 mM tyrosine, 500,000 dpm oth-[ring- 
3,5-^tyrosine (specific activity 50 Ci/mmol, FerkinElmer life Scienc- 
es). The reaction was incubated for 2 min at 37 °C. At the end of the 
incubation, 300 ;d of a cold suspension containing 7.5% activated char- 
coal in 1 N HCl was added to each tube. After vortexing and centrifu- 
gation, 100 /xl of supematant was counted by Uquid scintillation spec- 
trometry. Blanks contained buffer instead of enzyme. 

Treatment ofTH with Peroxynitrite—^Peroxynitrite was synthesized 
from sodimn nitrite and acidified hydrogen peroxide, as previously 
described (23), and treated with manganese dioxide to remove residual 
hydrogen peroxide. The concentration of peroxynitrite was determined 
spectrophotometrically by the measurement of absorption at 302 nm in 
1 N NaOH (€ = 1670 M"^.cm"'). Dilutions in 0.1 N NaOH were made 
immediately before use to achieve the desired concentrations. 

The protein was first dialyzed against 50 mM phosphate buffer at pH 
7.4, and protein concentration was determined hy the Bradford assay. 
Tyrosine hydroxylase was then diluted to a final concentration of 18 fiM 
in 0.1 M phosphate buffer containing 0.1 mM DTPA, pH 7.4, and finally 
treated with one bolus of 25-500 jiM peroxynitrite (1% v/v) at room 
temperature while stirring. In reverse order experiments, peroxynitrite 
was added to the buffer before TH addition. 

Analysis ofTH Sulfhydryl Content—^The effect of peroxynitrite on TH 
sulfhydryl content was determined by ThioGlo-l assay (24), by 5,5'- 
dithiobis(2-nitrobenzene) (DTNB) reaction (25) and by labeling with 
4-(dimethylamino)phenylazophenyl-4'-maleimide (DAMBI) (26). A 26 
mM solution of ThioGlo-1 (Covalent Associates Inc., MA) was prepared 
in acetonitrile. The protein (0.2 fiM) was incubated with 7 M guanidine 
HCl ovemi^t in phosphate buffer, 50 mM, pH 7.4, before ThioGlo-1 
addition. ThioGlo-1 (10 /XM) was added to the denatured TH, and the 
incubation was continued for another 7 h at room temperature. The 
reaction was monitored by fluorescence spectroscopy with the excitation 
wavelength set at 384 nm and the emission at 513 nm. The emission 
values of a series of W^acetyl-L-cysteine standards modified with Thio- 
Glo-1 were used to establish a standard cmve of fluorescence. 

Amino Acid Analysis—Amino acid analysis of TH was performed by 

hydrolyzing the protein either in the gas phase (HCl) or with methane- 
sulfonic acid. Gas phase acid hydrolysis was achieved with 6 N HCl and 
1% (wAr) phenol under vacuum (—40 millitorr) at 115 °C for 22 h, as 
described by Meltzer et al. (27). Protein hydrolysates were analyzed by 
reverse-phase HPLC (Varian 9012) on an Inertsil C18 ODS3 column 
(250 X 4.6 mm) using pre-column derivatization with phenylisothiocya- 
nate (PITC) and absorbance detection at 254 nm (Varian 9050). Sam- 
ples were dissolved in mobile phase, injected onto the column equili- 
brated with 10 mM potassium phosphate buffer, pH 6.5 (phase A) at 
40 °C, and eluted at 1 ml/min by an increase of mobile phase B (75% 
acetonitrile/25% phase A) to 11% at 15 min, to 14% at 17 min, to 36% at 
39 min, and to 45% at 48 min. Amino acids were quantified using the 
chromatographic peak area, compared with both an amino acid stand- 
ard (Pierce), and hydrolysis of a known concentration of bovine serum 
albtmiin hydrolyzed under similar conditions. Methane sulfonic acid 
hydrolysis of protein samples was used for the determination of tryp- 
tophan, methionine, and methionine sulfoxide, which are usually un- 
stable under conditions of HCl hydrolysis. Samples were hydrolyzed 
with 4 M methane sulfonic acid at 115 °C for 22 h in an evacuated 
chamber (—40 millitorr). After hydrolysis, samples were neutralized by 
the addition of an equal volume of 3.5 M NaOH. They were analyzed by 
reverse-phase HPLC on a Supelcosil LC-18T colimm (150 X 4.6 mm), 
following pre-colvmin derivatization with ortfeo-phenyldialdehyde 
(OPA), and fluorescence detection (330 and 450 nm, excitation and 
emission wavelength, respectively) as described previously (28). Sam- 
ples were injected onto the column equilibrated at 35 °C with mobile 
phase A, containing 95% 25 mM sodium acetate buffer (pH 5.8) and 5% 
tetrahydrofuran, and eluted at 0.7 ml/min by the following gradient of 
mobile phase B (95% methanol and 5% tetrahydrofiiran): 0-15% B 
between 0 and 0.5 min, 15-45% B from 10 to 20 min, and 45-100% B 
between 30 and 40 min. Amino acids were quantified as described above 
for the FTTC method. 

Circular Dichroism (CD)—CD spectra were obtained using a Jasco 
J720 instrument at room temperature in a 0.2-mm path length cell with 
the concentration of protein being -0.2 mg/ml. Curves were baseline- 
corrected and smoothed by the algorithm provided by Jasco. Mean 
residue ellipticity, [6]MR, is expressed in deg X cm^/dmol using mean 
residue masses of 110. 

Analysis of S-Nitrotyrosine Content—^After treatment with pero:^sm- 
trite, TH (0.5 /xg) was subjected to a 10%-SDS-polyacrylanude gel elec- 
trophoresis, transferred overnight to nitrocellulose membrane, and 
probed with either a polyclonal anti-TH (Calbiochem) or an affinity- 
purified polyclonal anti-3-nitrotyrosine antibody. The blots were 
blocked with 10% dry milk in Tris-buffered saline containing 0.5% 
Tween 20 for 1 h, prior to antibody addition. The polyclonal anti- 
TH antibody was used at 1:10,000 dilution in 1% dry milk for 2 h, and 
the anti-3-nitrotyrosine antibody was used at 1:5000 dilution for 3 h. 
The anti-3-nitrotyrosine antibody was pre-conjugated with the second- 
ary antibody in 3% dry milk overnight at 4 °C. After several washings, 
probed membranes were incubated with the horseradish peroxidase- 
conjugated secondary antibody at 1:5000 dilution. After washing, im- 
munoreactive signals were revealed using a diemiluminescence assay 
(ECL kit, Amersham Piiarmacia Biotech). Samples containing un- 
treated or peroxynitrite-treated TH were incubated with freshly pre- 
pared solution of Streptomyces griseus protease (Pronase, Sigma Chem- 
ical Co.) to yield 0.1 mg of proteasc/mg of protein. Pronase-treated 
samples were incubated for 18 h at 50 °C and centrifiiged through a 
10,000 moleciilar weight cut-ofF filter. Samples were then dried down, 
re-suspended in 40 ju.1 of water of HPLC qtiality, and frozen at -80 °C 
until analysis. HPLC with electrochemical detection was performed on 
an ESA model 5600 CotdArray instrument equipped with eight-channel 
detector operating in the oxidative mode at specified potentials (chan- 
nel/potential (in mV) = 1, 400; 2, 450; 3, 500; 4, 640; 5, 660; 6, 680; 7, 
810; and 8, 810). Analyte separation was conducted on a TOSOHAAS 
(Montgomeryville, PA) reverse-phase ODS SO-Tjj C-18 analytical col- 
umn (4.6-nun inner diameter X 25 cm; 5-fim particle size) using iso- 
cratic elution consisted of SO mM sodium acetate, 50 mM citric acid, pH 
4.7, with 10% methanol. The concentration of 3-nitrotyrosine was de- 
termined fit)m the area under the curve using a standard cmve of 
authentic 3-mtrotyrosine from the seventh electrode. 

Stopped-flow Experiments—The kinetics of peroxynitrite reaction 
with TH were studied with or without removing the iron from TH. 
Accordingly, the same preparation of the enzyme was divided in two 
parts. One fraction was incubated with ferrous ammonium sulfate (1 
mM) for 60 min at 4 °C to obtain the holoenzyme with fidl complement 
of iron, and the other was dialyzed against 1,10-phenantroline (1 mM) in 
100 mM potassium phosphate buffer, pH 7.35 at 4 °C, to obtain the 
apoenzyme (29). Moreover, fractions of the TH holoenzyme were incu- 
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bated either with j3-mercaptoethanol (10 mM) or with iV-ethyhnaleimide 
(NEM, 10 mM) for 30 min at 4 °C. Enzyme preparations were then 
extensively dialyzed against 100 mM potassiimi phosphate buffer, pH 
7.35 at 4 °C. Protein concentration was determined l^ measuring the 
absorbance at 280 nm (A^* = 10.4 cm"^) (29), which correlated well 
with Bradford protein measurements. The cysteine content in the en- 
zyme was determined by the reaction of 4 nM protein with 0.2 mM of 
5,5'-dithiobis(2-nitrobenzene) (DTNB) in the absence or presence of 6 M 
guanidine at pH 7.8 and room temperature for 90 min. The cysteine 
concentration was determined by the absorbance at 412 nm {e = 13,600 
M"^-cm~^) (25). The rate constant at 37 °C could not be evaluated due t» 
protein aggregation, which significantly interfered with the absorbance 
determinations. 

The kinetics of peroxynitrite decay in the presence of TH at pH 7.4 
and 25 °C were followed in a stopped-flow spectrophotometer (AppUed 
Photophysics, SF17MV) at 302 nm. An initial rate approach was used to 
analyze the data, the first 1 s was fitted to a linear plot, and the 
apparent rate constant of peroxynitrite decay was determined as the 
ratio between the slope (-dAldt) and the difference between the initial 
and final absorbance (A„ - Aj). After subtracting the apparent rate 
constant of peroxynitrite decay in the absence of enzyme and dividing 
by the enzyme concentration, we determined the second order rate 
constant of peroxynitrite reaction with the enzyme. To assure the ac- 
curacy of the determination, 200 absorbance measurements were ac- 
quired during the first 1 s of the reaction, and 200 points were acquired 
imtil more than 99.9% peroxynitrite had decomposed (1-20 s) (13, 30). 

Identification of the Nitrated Tyrosine Residue(s)—Vn-reacted con- 
trol or nitrated TH (18 fiM) was exhaustively dialyzed against 100 mM 
ammonium bicarbonate, pH 7.8. The TH samples were then treated 
with endoproteinase AspN from Pseudomonas fragi (Calbiochem, La 
JoUa, CA) or sequencing grade-modified trypsin (Promega, WI) at a 
ratio 1:100 wAv (proteinase/TH) overnight at 37 °C. The samples were 
dried down and resuspended in 0.1% trifluoroacetic acid. The peptides 
were analyzed by a Hewlett Packard HPLC system with a diode array 
detector using an octadecyl silica gel reverse-phase colimm (5 fun, 4.6 x 
250 mm, Jupiter, Phenomenex, Torrance, CA) and 0.1% trifluoroacetic 
acid in ultra pure water (solvent A) and acetonitrile as solvent B. 
Peptides were eluted using an increasing linear gradient of B fi^m 0% 
to 45% in 60 min with a flow rate of 1 ml/min. The HPLC detector was 
set at 210, 275, and 865 nm. The peptides with absorbance at 365 nm 
were collected and subjected to conventional Edman degradation at the 
Protein Core Facility at the Wistar Institute (Philadelphia, PA). 

Expression of Mutant THand Treatment with Peroxynitrite—To elu- 
cidate a possible role for Tyr*"^ as a substrate for nitration, the mutant 
Tyr*'^ -> Phe were created with the QuikChange site-directed mu- 
tagenesis kit from Stratagene. Wild type TH (25 ng) was used as the 
DNA template to create Tyr*^ -» Phe. The conditions utilized are 
outlined in previous studies (31, 32). The primers used (but not previ- 
ously reported) were as follows: TH Y423F Sense, 5'-GCA GCT GTG 
CAG CCC TTC CAA GAT CAA ACC TAC C-3'; Antisense, 5'-G GTA 
GGT TTG ATC TTG GAA GGG CTG CAC AGC TGC-3'. The underlined 
nucleotides highlight the mutated codons for amino acid 423. The DNA 
Sequencing and Gene Analysis Facility of the Molecular Genetics Pro- 
gram (Wake Forest University School of Medicine) performed a com- 
plete DNA sequencing by using a PerkinElmer Life Sciences/Applied 
Biosystems 377 Prism automated DNA sequencer. Complete DNA se- 
quencing was done to verify the presence of the appropriate mutation in 
the coding sequences of all recombinant proteins. This also established 
that the non-polymerase chain reaction-based mutagenesis (Ty^^ ~* 
Phe) did not introduce extraneous mutations. All recombinant proteins 
were expressed usmg the approach detailed above for the wild type TH. 
After ammoniimi sulfate precipitation, the partially purified wild type 
and T^r*^ -> Phe mutant TH (2 mg/ml) were reacted with several 
concentrations of peroxynitrite imder identical conditions, in phosphate 
buffer (0.1 M) containing DTPA (0.1 mM) at pH 7.4. For some experi- 
ments, partially purified wild type and Tyr*''^ -> Phe mutant TH were 
treated with 5 mM NEM for 2 h at 37 °C. The proteins were then 
dialjrzed overnight against 50 mM phosphate buffer, pH 7.4, and the 
activity was determined. The activi^ of TH was assayed by the release 
of [^H20 from PHltyrosine in the presence of catalase. The specific 
activity of the partially purified Tyr*^ -» Phe mutant TH was 20% of 
the wild type TH. 

RESULTS 

Ixick of Cysteine Oxidation after Exposure ofTH to Peroxyni- 
trite—^Purified recombinant rat TH was reacted with different 
concentrations of peroxynitrite, and fractions of the treated and 

TABLE I 
Cysteine oxidation and tyrosine hydroxylase activity 

TH (18 /iM) was reacted with peroxynitrite for 10 min at room tem- 
perature. Aliquots from each reaction were removed to measure TH 
activity and cysteine content as described under "Materials and 
Methods." 

Peroxynitrite 
Cysteine 

residues per TH 
IVrosine 

hydroxylase 
monomer activity 

tiM % of control 

0 6.8 ± 0.3 100 
25 6.7 ± 0.4 79 + 11 
50 5.8 ± 1.2 71 ±11 

100 6.2 ± 0.8 57 + 6 
250 6.5 ± 0.6 38 ±10 
500 5.4 ± 1.1 25 ±11 

control protein were analyzed for activity and for the concen- 
tration of reduced cysteine residues. Exposure to peroxynitrite 
resulted in a dose-dependent inactivation of TH activity (Table 
I). The concentration of cysteine residues in TH was deter- 
mined by three different methods: ThioGlo-1, a maleimide- 
derivatized naphthopyranone, 5,5'-dithiobi8(2-nitrobenzene) 
(DTNB), and 4-(dimethylamino)phenylazophenyl-4'-maleimide 
(DAMBI) labeling (24-26). Data in Table I show that in the 
unreacted protein seven cysteine residues are detected per TH 
monomer as predicted from the rat TH sequence. No evidence 
for cysteine oxidation was observed after treatment with up to 
250 jxK peroxynitrite whereas the TH enzymatic activity was 
already inhibited by more than 50%. With higher peroxynitrite 
concentration (500 ;IM), one cysteine residue per monomer is 
oxidized. The same results are obtained with DTNB and 
DAMBI labeling (not shown). These data suggest that TH 
activity was inhibited after exposure to peroxynitrite without 
evidence for oxidation of cysteine residues. Moreover, in addi- 
tion to cysteine oxidation, the reaction of proteins in simple 
buffers with peroxynitrite has been shown to modify methio- 
nine, tryptophan, and tyrosine residues (10-14). Hydrolysis 
using methane sulfonic acid to analyze tryptophan and methi- 
onine as well as methionine sulfoxide failed to show any evi- 
dence for trjrptophan and methionine oxidation (Table II). Com- 
plete amino acid analysis of peroxjfnitrite exposed TH, uSing 
gas phase HCl hydrolysis and PITC pre-column derivatization, 
did not detect any significant modification of any other amino 
add residue (data not shown). 

Peroxynitrite-induced Cysteine Oxidation in Partially Un- 
folded Tyrosine Hydroxylase—Tjrrosine hydroxylase was par- 
tially unfolded vsrith either 7 M urea or 6 M of guanidinium 
hydrochloride (GdmHCl) for 1 h at room temperature before 
peroxj^itrite treatment. Exposure of the urea or GrdmHCl par- 
tially unfolded protein to 500 /AM peroxynitrite resulted in the 
oxidation of approximately three cysteine residues as 4.1 ± 1 
and 3.2 ± 0.4 cysteine residues are detected in the reacted 
protein, respectively. Another fraction of the protein was ana- 
lyzed by Western blotting with anti-TH antibodies, which re- 
vealed formation of SDS and heat-stable TH polymers (Fig. 
lA). The polymerized TH was hydrolyzed, and the hydrolysates 
were monitored by fluorescence (A^x = 283 nm and A^^ = 410 
nm) to determine the presence of dityrosine as reported previ- 
ously (33). The hydrolysates of TH treated with 6 M GdmHCl 
and reacted with 500 yM peroxynitrite contain 1 ± 0.3 fiU 
dityrosine indicating that one tyrosine residue in TH was oxi- 
dized to form dityrosine. The degree of cysteine and tjfrosine 
oxidation in the unfolded protein was proportional to the per- 
oxynitrite concentration (Fig. IB). There was a significEuit de- 
gree of TH unfolding upon treatment with GdmHCl as revealed 
by the changes in the CD spectrum of the protein; the spectrum 
of the untreated protein and protein reacted with 1 M GWmHCl 
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TABLE II 
Methionine and tryptopkan analysis 

Three different tyrosine hydroxylase preparations reacted with peroxynitrite were analyzed for the formation of methionine sulfoxide (MetSO), 
methionine, and tryptophan content as described under "Materials and Methods." The number indicates the number of residues measured per TH 
monomer. The reverse order experiment represents the addition of previously decomposed peroxynitrite to TH.  

MetSO/protein 
Met^rotein 
Trp/protein 

Control 

0.9 
4.1 
2.7 

2 mg/ml 

ONOO" 
(100 ii-x) 

1.08 
4.8 
2.4 

Reverse 
oitler 

0.45 
4.1 
2.8 

TH 

3 mg/ml 

CJontrol 

0.8 
4.8 
2.9 

ONOO" 
(100 MM) 

0.9 
4.9 
2.4 

5 mg^ml 

Control 

0.9 
4.2 
2.2 
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FIG. 1. Polymerization and cysteine oxidation of partially un- 
folded TH. Tyrosine hydroxylase was treated with urea or guani- 
dinium hydrochloride (GdmHCl) for 1 h at room temperature, centri- 
fuged on a 10,000 molecular weight filter and diluted (18 /IM) in 0.1 M 
phosphate buffer containing 0.1 mM DTPA, pH 7.4. A, the native and 
the partially unfolded TH was then reacted with 500 pM peroxynitrite 
and analyzed by Western blot analysis, using anti-TH antibodies. Lanes 
1,3, and 5 are control, urea-treated, and GdmHCl-treated protein; lanes 
2, 4, and 6 are control, urea-treated, and GdmHCl-treated protein 
reacted with peroxynitrite. The inset table gives the cysteine content. B, 
tyrosine hydroxylase treated with 6 M G<hnHCl was reacted with dif- 
ferent concentrations of peroxynitrite and the degree of protein cross- 
linking and cysteine oxidation was evaluated as in A. 

is shown in Fig. 2. Computer-assisted analysis of the CD spec- 
tra for the composition of different secondary structural ele- 
ments indicated the presence of —58% a-helical conformation 
in the monomeric TH similar to values reported previously (34, 
35). The a-helical content of TH decreased to 11% upon Gdm- 
HCl treatment with a concomitant increase in random struc- 
ture from 30 to 54%. Collectively these data suggested that the 
degree of cysteine oxidation and the formation of stable dity- 
rosine-containing oligomers appeared to be facilitated by the 

unfolding of the protein. 
Tyrosine Nitration following Exposure of TH to Peroxyni- 

trite—^Exposure of TH to a range of perox3fnitrite concentra- 
tions induced a dose-dependent increase in the nitration of the 
protein, which correlated with the loss of enz3anatic function 
(Fig. 3). The proportional loss of TH activity and nitration is 
similar to the data described in PC12 cells exposed to peroxyni- 

trite (7). Assuming that one tyrosine residue is nitrated per TH 
molecule, then exposure of TH at 1, 2, and 3 mg/ml to 100 /XM 

peroxsnaitrite resulted in the nitration of 59, 22, and 20% TH 
molecules, which correlated with 52 ± 0.1, 29 ± 2, and 18 ± 
1.3% loss of TH enzymatic activity, respectively. 

Identification of the Nitrated Tyrosine Residues—To identify 
the site of nitration, TH reacted with peroxjnaitrite was di- 
gested with either AspN or trjrpsin. The AspN-digested pep- 
tides were separated by reverse-phase HPLC, and two major 
peaks with absorbance at 275 and 365 nm eluted at retention 

times of 29.1 and 47.7 were collected and sequence analysis of 
the first 20 amino acids was performed. The following se- 
quence, Asp-Thr-Ala-Ala-Val-Gln-Pro-JT-Gln (X represents an 
unknown amino acid) was obtained for the 29.1-min peak. This 
sequence corresponds to the expected AspN peptide residues 

FIG. 2. CD spectrum of TH (I) and of TH-treated with 1 M 
GdmHCl (2). The spectrum of the imtreated control protein is identical 
to published spectra of TH (34), and treatment with GdmHCl signifi- 
cantly alters the secondary structure of the protein. The cysteine con- 
tent after exposure to 100 ^iM peroxynitrite was 6.2 ± 0.8 and 2.3 ± 0.5 
for the control and the GdmHCl-treated protein, respectively. 
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FIG. 3. Exposure of TH to peroxynitrite results in iyrosine 
nitration and inhibition of catalytic activity. A, Western blot 
analysis of 0.5 ;ig of protein using a polyclonal anti-TH and anti-3- 
nitrotyrosine antibody (B). C, inhibition of TH enzymatic activity (mean 
and standard deviation for three difierent preparations of TR) as a 
function of peroxynitrite concentration. 

416-424 (Asp-'iS-Thr-Ala-AIa-Val-Gln-Pro-Tyr-Gln*^), which 
contains a tyrosine residue in position 423. The peak with a 
retention time of 47.7 min contained two sequences, the major 
sequence (more than 90% abundance of amino acid residues) 

corresponding to peptide between residues 44 and 77, which 
does not contain any tyrosine residues. The minor sequence 
(less than 10%) was A'-Gln-Thr-X-Gln-Pro-Val-A'-Phe-Val- 

Ser-Glu-Ser-Phe, which corresponds to residues 425- 
439 (Asp*^-Gln-Thr-Tyr-Gln-Pro-Val-Tyr-Phe-Val-Ser-Glu- 

Ser-Phe-Asn*^^), which includes tyrosine residues 428 and 432. 
The site of nitration was also confirmed by digestion of nitrated 
TH with trypsin. The first 15-amino acid sequence of a peak 
eluted at 73 min of the tryptic digestion was Ala-Phe-Asp-Pro- 
Asp-Thr-Ala-Ala-Val-Gln-Pro-X-Gln-Asp-Gln, which corre- 

sponds to the expected peptide spanning residues 412 to 442 
that includes tyrosine residues 423, 428, and 432. Collectively, 
these data suggest that the primary site of nitration is tyrosine 
residue 423 and to a lesser extent tyrosine residues 428 and 
432. To further confirm the site of nitration, Tyr*^ was mu- 
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WlltMypeTH Tyr423PhMnutan(TH 

FIG. 4. Exposure of the partially pu- 
rified wild type and Tyi^ -^ Phe mu- 
tant TH to peroxynitrite. A, wild type 
and Tyr^'^ -^ Phe mutant TH analysis by 
Western blot using a polyclonal anti-TH 
antibody. B, wild type and Tyf*^ -^ Phe 
mutant TH analysis by Western blot us- 
ing an anti-3-nitrotyrosine antibody, after 
treatment with a range of peroxynitrite 
concentrations. C, TH enzymatic activity 
(mean and standard deviation for three 
different preparations of TH) as a func- 
tion of peroxynitrite concentration. 
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tated to Phe in TH, and the sequence of the mutant TH (Tyr^^ 
-> Phe) expressed in E. coli was confirmed. Wild type and 
mutant proteins expressed in E. coli were partially purified and 
exposed to peroxynitrite under identical conditions. Fig. 4 
shows that there was less nitration of the partially purified 
Tyx^^ -^ Phe mutant as compared with the wild type protein 
under the same protein and peroxynitrite concentrations. How- 
ever, the activity of the Tyr"*^ -> Phe mutant TH was not 
affected by nitration as compared with the wild type protein. 
The activity of the Tyr'*^ -* Phe mutant TH, similar to the wild 
type was decreased by >99% after heat inactivation or removal 
of the ferrous iron for the active site (Table IH). In the semi- 
purified preparation the K^ for tyrosine was 37.7 ± 2.1 fim for 
the wild type and 14.3 ± 2.6 ILU for the Tyr*^ -> Phe mutant 
TH, which are similar to values reported for purified rat TH 
(34). The cysteine residues in the wild type and Tjrr'*^ -> Phe 
mutant TH appear to be equally reactive toward the alkylating 
agent iV-ethylmaleimide (NEM). Treatment of the wild type 
and mutant proteins with NEM resulted in a significant inhi- 
bition of activity as shown in Table HI. Moreover, NEM treat- 
ment also inhibited the activity of both the wild type and Tyr*^ 
-> Phe mutant TH proteins that had been reacted with per- 
oxynitrite prior to NEM exposure (Table III). Collectively these 
data suggest that the cysteine residues were not modified by 
peroxynitrite exposure and that nitration of Tyr"*^ is the prin- 
cipal reason for the loss of enzymatic activity. 

Determination of the Second Order Rate Constant for the 
Reaction of Peroxynitrite with Tyrosine Hydroxylase—Stopped- 
flow experiments were performed using TH treated either with 
ferrous ammonium sulfate to ensure fiill complement of iron 
(holoenzyme), or with 1,10-phenantroline, to remove the iron 
(apoenzjrme). Peroxynitrite decomposition profiles at 302 nm 
were obtained by mixing peroxynitrite (75 IJM) with 20 /iM of 
either the holoenzyme or the apoenzyme. The second order rate 
constant determined for the holoenzyme was (3.8 ± 0.9) X 10* 
M"* s"* and (1.6 ± 0.8) X 10* M"^ S"^ for the apoenzyme, at pH 
7.45 and 25 ± 1 °C. Moreover, no differences were detected 
between the second order rate constants obtEuned for TH re- 
acted with mercaptoethanol, which had 5.3 ± 0.2 cysteine 
residues per monomer, and TH treated with NEM, which had 
1.06 ± 0.05 cysteine residue per monomer (data not shown). 

These data suggest that the contribution of the cysteine 
residues in the reaction of peroxynitrite with TH is relatively 
small, and the second order rate constants are typical of the 
reactions of peroxynitrite with metal centers (15-17, 30). 

DISCUSSION 

Tyrosine hydroxylase is the rate-limiting step in cate- 
cholamine synthesis, and thus the activity of this protein is 
critical for maintaining dopamine production. Inactivation of 
TH has been observed in early stages of PD as well as the 
mouse MPTP model of this disease (4). In the MPTP model of 
Parkinson's disease (6) previous data revealed that TH is a 
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TABLE III 
Inactivation of wild type and 7JT^' -> Phe mutant 

Dialyzed partially purified wild type and Tyr*^ -* Phe mutant TH 
(2 mg/ml total protein) were reacted with peroxynitrite or NEM under 
identical conditions, in 0.1 M phosphate buffer containing 0.1 mM DTPA 
at pH 7.4. For heat inactivation, the proteins were boiled at 45 °C for 10 
min, and apoproteins were prepared as described imder "Materials and 
Methods." After the different treatments the proteins were dialyzed, 
and the activity was determined as described in detail under "Materials 
and Methods." 

Wild type TH TVr*23 ^ Phe TH 
mutant 

fe inhibition 

500 ^M peroxynitrite 44 ±3 3±3 
5mMNEM 96 96 
500 /iM pero:^mitrite 93 96 

+ 5 mM NEM 
Heat-inactivated 99.9 ± 0.1 99.8 ± 0.1 
Apo-protein 99.8 ± 0.2 100 ± 0.1 

protein specifically modified by nitration of tyrosine(s) resi- 
dues. In addition, a temporal association between the nvmiber 
of TH molecules modified and loss of activity was observed (7). 
Amino acid analysis and fluorescence spectrometry of purified 
TH had failed to detect any other amino acid modification after 
nitration of the protein, and thus we proposed that tyrosine 
nitration is responsible for the inactivation of the protein (7). 
However, a publication by Kuhn and co-workers (8) indicated 
that cysteine oxidation and not tyrosine nitration was respon- 
sible for the inactivation of purified TH by peroxynitrite in 
vitro. Although cysteine residues are well-recognized targets 
for peroxynitrite (9,13, 26), this study failed to detect oxidation 
of cysteine residues after exposure of purified recombinant rat 
TH to perox3niitrite as determined by three independent meth- 
ods. Cysteine oxidation was evident only after exposure of the 
protein to large excess of peroxynitrite or when the protein is 
partially unfolded (Table I and Figs. 1 and 2). It is possible that 
the protein used by Khun et al. (8) was partially unfolded 
during purification or removal of the glutathione S-transferase 
(GST) tag. It has been reported that nearly 40% of TH purified 
with the GST tag has no metal in the active site (19), and we 
have observed that metal free TH apoprotein readily aggre- 
gates after dialysis and during storage suggesting some degree 
of protein unfolding (not shown). Therefore, partial protein 
unfolding and exposure to high peroxynitrite concentration can 
account for the oxidation of cjrateine residues reported previ- 
ously (8). Consistent with the observation of Khun et al. (8) we 
also observed formation of SDS and heat-stable TH dimers 
after exposure to relative high peroxynitrite concentrations 
and in partially unfolded protein before and after exposure to 
peroxynitrite (Fig. 1). The dimers appear to be the result of 
cross-linking via oxidation of tjrrosine residues, because dity- 
rosine was detected in the »mfolded and peroxjfnitrite treated 
TH. Dityrosine cross-linking has been reported for proteins 
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with random secondary structure in solution (33) or globular 
proteins exposed to high peroxynitrite concentrations (36). Al- 
though protein cross-linking may be also responsible for the 
inactivation of TH, appreciable inactivation of the enzymatic 
activity is observed in the absence of protein dimers (Fig. 3) and 
other amino acid modifications suggesting that under these 
conditions tyrosine nitration is responsible for the loss of func- 
tion (Tables I and II). 

Peroxynitrite reactivity with proteins in simple buffers is 
determined by kinetic factors. The stopped-flow data suggest 
that the contribution of the ferrous iron in the reaction of 
peroxynitrite with TH is quite important, accounting for nearly 
60% of the rate constant. The rate constant of the apoenzyme is 
typical of peroxynitrite reaction with protein amino acids (13) 
but precludes the existence of rapidly reacting cysteine resi- 
dues, similar to those present in glyceraldehyde-3-phosphate 
dehydrogenase (37) and peroxiredoxins (38). Regarding the 
polypeptide chain, cysteine, methionine, and tryptophan are 
the primary amino acids that react with appreciable second 
order rate constants with peroxynitrite (13). In the case of TH, 
these amino acids were poorly oxidized after peroxynitrite ex- 
posure, similar to data reported previously for sarcoplasmic 
reticulum Ca-ATPase (39). Instead, at low peroxynitrite con- 
centration, only tyrosine nitration was observed. At high per- 
oxynitrite concentration, tyrosine nitration and oxidation were 
observed, which could be derived by the formation of hydroxyl 
and nitrogen dioxide radicals from peroxynitrite or by direct 
electrophilic substitution at the orffto position of the aromatic 
ring catalyzed by transition metals. However, the role of the 
ferrous iron of tyrosine hydroxylase in the nitration of the 
protein awaits further investigation. 

The primary site of nitration was identified by digestion of 
the nitrated protein and peptide sequencing and further con- 
firmed by mutational analysis (Fig. 4). The primary site of 
nitration was the tyrosine residue 423 and to a lesser extent 
tyrosine residues 428 and 432. Mutation of Tyr*^ to Phe re- 
sulted in an appreciable decrease in t3rrosine nitration and, 
more importantly, no loss of activity was observed after expo- 
sure to peroxynitrite. The specific activity of partially purified 
Tyr*23 _=. Phe mutant was -20-25% of the wild type protein 
suggesting that this tyrosine residue is critical for the enzy- 
matic activity of the protein. However, similar to wild type 
protein, the mutant TH activity is completely lost upon heat 
inactivation and removal of the metal. Kinetic parameters such 
as the Kiiyr of the Tyr*^ -> Phe mutant were similar to the wild 
type, and the cysteine residues of both the wild type and Tyr 
-> Phe mutant were sensitive to alkylation by NEM before or 
after treatment with peroxynitrite. Therefore, nitration of ty- 
rosine 423 and not cysteine oxidation appears to be responsible 
for the inactivation of TH by peroxynitrite. However, it remains 
unclear how nitration of tyrosine residue 423 results in the 
inactivation of the protein. We speculate that it may relate to 
the critical positioning of this tyrosine residue near the active 
site of the protein. The active site of TH is located in the center 
of the catalytic domain (residues 188-456) and consists of a 
17-A deep cleft. The active site cleft is 30 A long and 15 A wide, 
and within the active site 10 A below the enzyme surface 
His^^, His®^, and Glu^™ residues bind ferrous iron needed for 
the catalysis of tyrosine hydroxylation to L-DOPA (35). The 
entrance to the active site is guarded by two loops (residues 
423-428 and 290-296), which come within 12 A of each other. 
Proline residues in either side of the loop break the a-helices, 
and Tyr"*^ starts the five-residue loop that ends with Tyr^^. 
The aromatic ring of Tyr"*^ is oriented toward the opposite loop 
on the plane of the entrance to the active site whereas 
the aromatic rings of Tyr"^ and Tyr^^ are oriented away ft'om 

the entrance to the active site. The narrow point entering the 
active site can be viewed as a size selection process by which 
only small substrates may enter into the active site. The addi- 
tion of the bulky nitro (NOg) in the ortho position of the tyrosine 
423, but not the tyrosine residues 428 and 432, will narrow the 
distance between the two loops by more than 2.5 A, which may 
be sufficient to prevent the entry of the substrate tyrosine in 
the active site of the protein. 

Overall, the data reported herein are consistent with the 
view that tyrosine nitration is responsible for the inactivation 
of TH. It is now apparent that nitration and oxidation of pro- 
teins is a widespread event in the affected areas in the brain of 
PD patients (40-43) as well as in the mouse and baboon MPTP 
models of this disease (2, 7, 45). More importantly, specific 
proteins such as TH and a-synuclein that may play a key role 
in the pathogenesis of PD are targets for modification by ni- 
trating agents (7,42). Efforts to limit the formation of nitrating 
agents by limiting the production of nitric oxide and superoxide 
have been successful in protecting mice and baboons from 
MPTP-induced neuronal death (45-47). Recently, Pong et al. 
(48) showed that EUK 134, a superoxide dismutase and cata- 
lase mimetic, prevented nitration of TH in cultured dopamin- 
ergic neurons after l-methyl-4-phenylpyridinium challenge. 
Therefore, development of therapeutic agents that can prevent 
formation of nitrating agents without interfering with normal 
neuronal function or compounds that will specifically remove 
nitrating species may protect proteins ft'om inactivation and 
provide means of limiting neuronal injury in PD. 
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Abstract 
Structural and functional alterations of a-synuclein is a presumed 
culprit in the demise of dopaminergic neurons in Parkinson's 
disease (PD). a-Synuclein mutations are found in familial but not 
in sporadic PD, raising the hypothesis that effects similar to those 
of familial PD-linked a-synuclein mutations may be achieved by 
oxidative post-translational modifications. Here, we show that 
wild-type a-synuclein is a selective target for nitration following 
peroxynitrite exposure of stably transfected HEK293 cells. Nitration 
of a-synuclein also occurs in the mouse strlatum and ventral 

midbrain following administration of the parkinsonian neurotoxin 
1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (IVIPTP). Conversely, 
p-synuclein and synaptophysin were not nitrated in MPTP- 
Intoxicated mice. Our data demonstrate that a-synuclein is a target 
for tyrosine nitration, which, by disrupting its biophysical properties, 
may be relevant to the putative role of a-synuclein in the 
neurodegeneration associated with MPTP toxicity and with PD. 
Keywords: dopaminergic neurons, IVIPTP, neurodegeneration, 
Parkinson's disease, substantia nigra, synuclein. 
J. A/euTOCftem. (2001) 76, 637-640. 

Parkinson's disease (PD) is a common neurodegenerative disorder that 
can be of either familial or non-familial (i.e. sporadic) etiology (Fahn 
and Przedborski 2000). Cardinal clinical features of PD include tremor, 
stiffness and slowness of movement, all of which are attributed to the 
dramatic loss of dopaminergic neurons in the substantia nigra pars 
compacta (SNpc) (Fahn and Przedborski 2000). Mutations in the 
presynaptic protein a-synuclein (a-syn) are associated with a familial 
form of PD (Polymeropoulos et at. 1997) that is clinically and 
pathologically indistinguishable firom the most common sporadic form 
of this disabling neurodegenerative disorder. Mutant a-syn cytotoxicity 
is likely related to the fact that both of the identified point mutations 
may enhance the propensity of a-syn to interact with other intracellular 
proteins and increase its tendency to aggregate (Conway et al. 1998; 
El-Agnaf et al. 1998; Engelender et al. 1999; Giasson et al. 1999; Narhi 
et al. 1999). Although similar a-syn mutations are not found in sporadic 
PD (Golbe 1999), mounting evidence indicates that a-syn may also play 
a deleterious role in sporadic PD (Spillantini et al. 1997, 1998). 
Relevant to these observations, we have recently reported widespread 
nitration of proteins, which is a consequence of the reaction of nitrating 
agents such as peroxynitrite with proteins (Ischiropoulos and al Mehdi 
1995), in Lewy bodies (LBs) in sporadic PD, in dementia with LBs 
(DLB) and in the LB variant of Alzheimer's disease (Duda et al. 
2000a). Moreover, using specific monoclonal antibodies that recognize 
only nitrated a-syn, we have also demonstrated that a-syn is the major 

protein that is modified by nitration in the LBs of the above neuro- 
degenerative disorders as well as in neuronal and glial cytoplasmic 
inclusions (GCIs) in multiple system atrophy (MSA) and in 
Hallervorden-Spatz disease (HSD) (Giasson et al. 2000a). These data 
provide, for the first time, compelling evidence for the presence of 
nitrative stress and formation of nitrating agents in human neuro- 
degenerative disorders. They also substantiate the hypothesis that 
oxidative stress is a leading pathogenic mechanism in neurodegenera- 
tive disorders including PD (Przedborski and Jackson-Lewis 2000). In 
addition, exposure of wild-type human a-syn to nitrating agents in vitro 
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causes nitration and cross-linking via the formation of dityrosine, 
recapitulating some aspects of the a-syn extracted from the brains of 
humans with a-syn aggregates (Duda et al. 2000b; Galvin et al. 2000; 
Giasson et al. 2000a). Extending these observations and consistent with 
the oxidative-nitrative stress hypothesis, we now present compelling 
evidence that a-syn is a specific target for tyrosine nitration in stably 
transfected cells challenged with peroxynitrite, and in mice intoxicated 
with the parkinsonian neurotoxin l-methyl-4-phenyl-l,2,3,6-tertahy- 
dropyridine (MPTP) (Przedborski et al. 2000a). 

Experimental procedures 

stable transfection of HEK 293 cells 
Syn plasmids were constructed by inserting human a- or (J-syn cDNAs 
(Jakes et al. 1994) into the mammalian expression vector pcDNA 3.14- 
(Invitrogen, Carlsbad, CA, USA). HEK293 cells were obtained from the 
American Type Culture Collection (Rockville, MD, USA) and cultured 
in 90% Dulbecco's modified Eagle's medium (high glucose), 10% fetal 
bovine serum, 2 mM L-glutamine and antibiotics. Cells were transfected 
with a-syn/pcDNA3.1+ or p-syn/pcDNA3.1-l- using calcium phos- 
phate precipitation buffered with N,N-bis[2-hydroxyethyI]-2-amino- 
ethanesulfonic acid (BES) (Chen and Okayama 1997). One day 
following tran.sfection, the cells were re-plated on 10-cm dishes and 
selection with Geneticin (500 (ig/mL) (Life Technologies, Rockville, 
MD, USA) was initiated 24 h later. Individual stable clones were 
isolated with glass cylinders and detached from the dish with trypsin. 
Stable clones were re-plated and maintained in culture medium with 
Geneticin. Clones expressing high levels of syn were screened by 
western blot analysis. 

Exposure of cells to peroxynitrite 
Cells re-plated on six-well dishes in fresh culture medium were exposed 
to peroxynitrite by the addition of small drops above the cell surface and 
followed by rapid mixing to give a final concentration of 1 mM. The 
concentration of peroxynitrite was measured by the increase in 
absorbance at 302 nm in 1.2 M NaOH as described previously (Ara 
et al. 1998). The pH of the buffer was measured at the end of the 
exposure and was the same as before each addition of peroxynitrite. For 
all experiments, at the end of the incubation period, cells were washed 
with Earle's balanced salt solution, scraped-off of the plates and 
centrifuged at 8000 g for 5 min. The pellet was solubilized with lysis 
buffer [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 4 mM EGTA, 10% 
glycerol, 1% Triton-X 100]. As a control, peroxynitrite was allowed to 
decompose in cell media prior to exposure to the cells. This experiment 
controlled for hydrogen peroxide and nitrite, which are found in 
peroxynitrite solutions. 

Mice and MPTP administration 
Eight-week-old male C57/bl mice (22-25 g, Charles River Breeding 
Laboratories, Wilmington, MA, USA) were used. Animals were housed 
with three per cage in a temperature-controlled room under a 12-h light/ 
12-h dark cycle with free access to food and water. Mice used in this study 
were treated according to the NIH guidelines for Care and Use of 
Laboratory Animals and with the approval of Columbia University's 
Institutional Animal Care and Use Committee. On the day of the 
experiment, mice received four i.p. injections of MPTP-HCl (20 mg/kg) in 
saline at 2 h intervals and were killed at 4 and 24 h post-injection; control 
mice received saline injections only. MPTP use and safety precautions 
were as described previously (Przedborski et al. 2000b). Frozen mouse 
striatal and ventral midbrain samples were homogenized (Polytron) in 

5.0 mL of extraction buffer (phosphate-buffered saline containing 1 mM 
phenylmethylsulfonyl fluoride and aprotinin at 10 mg/mL) at 4°C. 

Immunoprecipitation and western blotting 
Solubilized extracts from cells and mice were briefly sonicated and 
centrifuged (325 g for 5 min) to remove cellular debris. Protein 
concentration was determined using a BCA kit (Pierce, Rockford, IL, 
USA). Solubilized proteins (2 mg) were precleared (45 min, 4°C) with 
15 |xL of Gamma bind plus Sepharose (Amersham Pharmacia Biotech, 
Piscataway, NJ, USA) and the supernatant was incubated (16 h, 4°C) 
with a rabbit anti-3-nitrotyrosine (3-NT) polyclonal antibody previously 
characterized (Beckman et al. 1994; Ye el al. 1996), or a mouse anti-a- 
syn monoclonal antibody (Syn-1) (Transduction Laboratories, Lexing- 
ton, KY, USA). Immune complexes were absorbed (1.5 h, 4°C) to 
50 (xL of Gamma Bind plus Sepharose, extensively washed with 
extraction buffer by sequential sedimentation and resuspension, eluted 
in sample loading buffer by heating to 95°C for 5 min, and resolved by 
SDS-PAGE on 12-15% polyacrylamide gels. Proteins were electro- 
phoretically transferred to nitrocellulose or PVDF membranes, which 
were blocked with 5% non-fat dry milk in 1 x TBS, 0.1% Tween 20 for 
1 h. Incubation with one of the primary antibodies was performed 
overnight at 4°C using either Syn-1, anti-p-syn (a gift from Dr S. 
Nakajo, Tokyo, Japan), Syn 207 (Giasson et al. 2000b), anti- 
synaptophysin (a gift from Dr Honer, Albert Einstein College of 
Medicine, NY, USA) or anti-3-NT antibody. Incubation with a 
secondary anti-mouse- or anti-rabbit-conjugated horseradish peroxidase 
antibody was performed at 25°C for 1 h. After washing in 1 x TBS, 
0.1% Tween-20, blots were developed with Super Signal Ultra 
chemiluminiscence (Pierce) and exposed to Kodak BetaMax film. 

Results and discussion 

In the present study, we demonstrate that a-syn is a specific target for 
tyrosine nitration in a cell model as well as in the mouse brain after 
MPTP intoxication. First, non-transfected HEK293 cells and HEK293 
cells   overexpressing   human   a-syn   or   |3-syn   were   exposed   to 

(b) 

Anti-3-NT        Anti-syn 

Fig. 1 Exposure of HEK293 cells to peroxynitrite results in the nitra- 
tion of cellular proteins. All of the cells were exposed, under the 
same conditions, to 1 mw chemically synthesized peroxynitrite. (a) 
Western blot analysis using an antl-NT polyclonal antibody: lane 
1 - non-transfected cells; lane 2 - cells expressing human a-syn; 
lane 3 - cells expressing p-syn. (b) The same as (a) but developed 
using an antl-a-syn antibody (lane 1 and 2) or using the antibody 
Syn 207, which specifically recognizes p-syn. Fifty |xg of total protein 
was loaded onto each lane of the polyacrylamide gel. The molecular 
masses of markers are Indicated to the left of the blots. 
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Non-transfected 
cells 

Cells stably 
expressing a-syn 

Antl-a-Syn   20.5 ► 

Antl-3-NT     20.6 ►' 

Fig. 2 immunoprecipitation of a-syn followed by western blotting 
with antibodies to a-syn or NT reveals nitration of the protein after 
the exposure of HEK293 cells to peroxynitrite. Cells were untreated 
(lanes 1), or exposed to decomposed (lanes 2) or fresh (lanes 3) 
peroxynitrite. 

peroxynitrite, an oxidizing and nitrating agent (Ischiropoulos and 
al Mehdi 1995). This treatment resulted in the nitration of a number of 
proteins as demonstrated by the western blot analysis using an anti-NT 
antibody (Fig. la). However, only HEK293 cells transfected with a-syn 
showed a nitrated protein band with the molecular mass corresponding to 
a-syn. To demonstrate that a-syn was indeed nitrated, the total protein 
extract was subjected to immunoprecipitation using an anti-a-syn 
antibody and then the recovered immunoprecipitated protein was probed 
with the anti-3-NT antibody. This experiment confirmed that a significant 
fraction of the immunoprecipitated a-syn was definitely nitrated in the 
cells exposed to peroxynitrite (Fig. 2, lane 3), but not in untreated cells or 
in cells exposed to decomposed reagent (Fig. 2, lanes 1 and 2). 

Given these results, we then proceeded to assess whether a-syn was 
nitrated in the MPTP mouse model of PD. The use of this particular 
experimental model has been motivated by the fact that, thus far, 
significant insights into the pathogenesis of PD have been achieved 
using this neurotoxin, which replicates in humans and in non-human 
primates a severe and irreversible PD-Hke syndrome, with concomitant 
degeneration of dopaminergic neurons (Przedborski et al. 2000a). 
Moreover, several studies have indicated that reactive nitrogen species 
and tyrosine nitration not only occur in this model but also participate in 
the MPTP neurotoxic process (Schulz et al. 1995; Przedborski et al. 
1996; Ara et al. 1998; Mandir et al. 1999; Pennathur et al. 1999). 

Immunoprecipitation of a-syn was performed as above from striatum 
and ventral midbrain, the two main targets of MPTP neurotoxicity 
(Przedborski et al. 2000a). Immunoprecipitated a-syn from striatum and 
ventral midbrain was selectively nitrated 4 h after the MPTP administra- 
tion (Fig. 3). Conversely, immunoprecipitation of a-syn from striatum and 
ventral midbrain of saline-injected mice, also at 4 h post-injection, did not 
reveal any detectable nitration of the protein (Fig. 3). In contrast to the 
robust tyrosine nitration of a-syn (Figs 3a and b), no tyrosine nitration was 
detected in two other presynaptic proteins, P-syn and synaptophysin, 
following a similar MPTP administration (Figs 3c and d). This observation 
is consistent vvith our previous finding that only selected proteins are 
tyrosine-nitrated after MPTP exposure (Ara et al. 1998; Ischiropoulos 
1998) and with the observation that a-syn, but not P-syn, is nitrated after 
exposure of cells to the same peroxynitrite challenge. Moreover, this 
observation is consistent with the demonstrations that nitrated a-syn is 
present in the hallmark lesions in a number of human neurodegenerative 
synucleinopathies (Duda et al. 2000a; Giasson et al. 2000a). 

The higher efficiency of a-syn nitration is likely to be caused by the 
unstructured conformation of the protein in aqueous solution, which 
exposes all four tyrosine residues to the solvent phase and increases the 
probability of the reaction with nitrating agents. Moreover, glutamate 
residues, a structural conformation associated with enhanced suscep- 
tibility of tyrosine to nitration, are near all three tyrosine residues (125, 
133 and 136) in the carboxy terminal domain of a-syn. Indeed, purified 
human a-syn exposed to the nitrating agent in vitro and analyzed by 

(a) 
Anti-a-syn 

Antl-3-NT 

I I 

(C) 

< 19        AnU-p-syn 

< " Antl-3-NT 

< 14 

4 14 

(b) 
Anti-a-syn •4 19 

I I 

(d) 
AnU-SNF 

I I Anti-3-NT 

< 38 

•4 38 

6,* .j? I I 

Fig. 3 Tyrosine nitration of striatal a-syn, but not of p-syn or synap- 
tophysin, following MPTP injection to mice. Following administration 
of MPTP (4 h after the last injection) or vehicle (saline), striatal 
proteins were immunoprecipitated (IP) using: anti-a-syn (a); anti-NT 
(b); anti-p-syn (c); or anti-synaptophysin (d) as described in Experi- 
mental procedures. After SDS-PAGE and transfer of proteins onto 
nitrocellulose membrane, immunoblots were probed with anti-NT 
(lower panels of a, c and d), anti-a-syn (a - top panel and b), anti- 
p-syn (c - top panel) and anti-synaptophysin (d - top panel) as 
described in Experimental procedures. 

electrospray mass spectrometry, revealed that nitration of a-syn occurs 
at all four tyrosine residues (Souza et al. 2000). In addition to nitration, 
exposure of a-syn to nitrating agents also results in the stable cross- 
linking of the protein via the formation of dityrosine (Souza et al. 2000). 
In contrast, P-syn is nitrated to a lesser extent than a-syn in vitro and does 
not form stable 0-O'dityrosine crosslinks after exposure to nitrating 
agents, despite the presence of all four conserved tyrosine residues in 
both proteins (Souza et al. 2000). More significantly, we show here that 
in two in vivo models, a-syn is selectively nifrated, whereas nitration of 
P-syn is below detectable limits. The preferential nitration and oxidation 
of tyrosine residues in a-syn could be caused by the accessibility of 
tyrosine residues to nitrating agents and by the presence of the protem in 
close proximity to the site(s) of generation of the nitrating agent. Our 
results raise the possibiUty that both syn proteins may have different 
confirmations, or that p-syn may be protected from oxidation, perhaps by 
different interacting partners in vivo. We have previously argued that 
proximity to sites of superoxide generation may be important in 
determining proteins modified by nitration, as overexpression of super- 
oxide dismutase and superoxide mimetics have been shown to prevent the 
nitration of proteins in vivo and in cell models (Ara et al. 1998; 
Cuzzocrea et al. 2000; Pong et al. 2000). 

The significance of the tyrosine nitration of a-syn remains unclear. 
Tyrosine nitration induces secondary and tertiary structural alterations, 
which may critically modify protein functions (Ischiropoulos 1998). 
The change in the ionization state of the modified protein induced by a 
local shift in the pKa from 10.01 of tyrosine to 7.5 of 3-NT, and the 
consequent changes in hydrophobicity and conformation, may facilitate 
interactions with other proteins, thereby promoting protein aggregation. 
Preliminary data indeed indicate an increased adherence of mouse brain 
extracts to nitrated a-syn compared with the unmodified wild-type 
protein (Chen et al., unpublished observation). 

Collectively, the data indicate that a-syn is a preferential target 
for oxidative stress-mediated post-translational modifications. These 
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alterations may trigger abnormal protein compartmentalization and 

aggregation, two plienomena that are potential culprits for the 

neurodegeneration process in PD. 

Acknowledgements 

This study was supported by the NIH-NINDS and NIH-NIA grants (SP, 

VMY-L and HI), the Department of Defense DAMD 17-99-1-9474, 

the Parkinson's Disease Foundation, the Lowenstein Foundation, the 

Smart Foundation, the Muscular Dystrophy Association, the ALS 

Association and the Project-ALS (SP). MV and BIG are recipients of a 

Fellowship from the Human Frontier Science Program Organization. 

References 

Ara J., Przedborski S., Naini A. B., Jackson-Lewis V., Trifiletti R. R., Horwitz J. 
and Ischiropoulo.s H. (1998) Inactivation of tyrosine hydroxylase by nitration 
following exposure to peroxynitrite and l-melhyl-4-phenyl-l,2,3,6-tetra- 

hydropyridine (MPTP). Pwc. Nail Acad. Sci. USA 95, 7659-7663. 

Beckman J. S., Ye Y. Z., Andeson P. G., Chen J., Accavitti M. A., Tarpey M. M. 
and White C. R. (1994) Extensive nitration of protein tyrosines in human 
atherosclerosis delected by immunohistochemistry. Biol. Chem. Hoppe- 

SeylerilS, 81-88. 
Chen C. A. and Okayama H. (1997) High-efficienl transfection using calcium 

phosphate using calcium phosphale-DNA precipitate formed in BES, in 
Current Protocols in Molecular Biology (Ausubel F. M., Brent R., Kingston 
R. E., Moore D. D., Seidman J. G., Smith J. A. and Slruhl K., eds), pp. 

917-919. John Wiley & Sons, New York. 
Conway K. A., Harper J. D. and Lansbury P. T. (1998) Accelerated in vitro fibril 

formation by a mutant a-synuclein linked to early-onset Parkinson disease. 

War. Wcrf. 4, 1318-1320. 
Cuzzocrea S., Misko T. P., Costantino G., Mazzon E., Micali A., Caputi A. P., 

Macarthur H. and Salvemini D. (2000) Beneficial effects of peroxynitrite 
decomposition catalyst in a rat model of splanchnic artery occlusion and 

reperfusion. FASEB J. 14, 1061-1072. 
Duda J. E., Giasson B. I., Chen Q., Gur T. L., Hurting H. I., Stem M. B., Collomp 

S. M., I.schiropoulos H., Lee V. M.-Y. and Trojanowski J. Q. (2000a) 
Widsprcad nitration of pathological inclusions in neurodegenerative 

synuclcinopathics. Am. J. Patliol 157, 1439-144.5. 
Duda J. E., Giasson B. L, Gur T. L., Monline T. J., Robertson D., Biaggioni L, 

Hurlig H. I., Stern M. B., Gollomp S. M., Grossman M., Lee V. M.-Y. and 
Trojanowski J. Q. (2000b) Immunohistochemical and biochemical studies 
demonstrate a distinct profile of a-synuclein permutations in multiple system 

atrophy. J. Neuropath. Exp. Neurol. 59, 830-841. 
El-Agnaf O. M., Jakes R., Curran M. D. and Wallace A. (1998) Effects of the 

mutations Ala30 to Pro and Ala53 to Thr on the physical and morphological 
properties of alpha-synuclein protein implicated in Parkinson's disease. FEBS 

Lett. 440, 67-70. 
Engelender S., Kaminsky Z., Guo X., Shaip A. H., Amaravi R. K., Kleiderlein J. 

J., Margolis R. L., Troncoso J. C, Lanahan A. A., Worley P. F., Dawson V. 
L., Dawson T. M. and Ross C. A. (1999) Synphilin-1 associates with alpha- 
synuclein and promotes the formation of cytosolic inclusions. Nat. Genet. 22, 

110-114 
Fahn S. and Przedborski S. (2000) Parkinsonism, in Merritt's Neurology (Rowland 

L. P., ed. ), pp. 679-693. Lippincott Williams & Wilkins, New York. 
Galvin J. E., Giasson B., Hurtig H. I. and Lee V. M.-Y. (2000) Neurodegeneration 

with brain iron accumulation type 1 is characterized by a, p, and 7-synuclein 

ncuropathology. Am. J. Pathol. 157, 361-368. 
Giasson B. I., Uryu K., Trojanowski J. Q. and Lee V. M. (1999) Mutant and wild 

type human alpha-synucleins assemble into elongated filaments with di.stinct 
morphologies in vitro. J. Biol. Chem. 274, 7619-7622. 

Giasson B. L, Duda J. E., Murray L, Chen Q., Souza J. M., Hurting H. I., 
Ischiropoulos H., Trojanowski J. Q. and Lee V. M.-Y. (2000a) Oxidative 

damage linked to neurodegeneration by selective a-synuclein nitration in 

synucleinopathy lesions. Science 290, 985-989. 
Giasson B. I., Jakes R., Goedert M., Duda J. E., Leight S., Trojanowski J. Q. and 

Lee V. M.-Y. (2000b) A panel of epitope-specific antibodies detects 
throughout human a-synuclein in Lewy bodies of Parkinson's disease. 

J. Neurosci. Res. 59, 528-533. 
Golbe L. 1. (1999) Alpha-synuclein and Parkinson's disease. Mov. Disord. 14, 6-9. 
Ischiropoulos H. (1998) Biological tyrosine nitration: a pathophysiological 

function of nitric oxide and reactive oxygen species. Arch. Biochem. Biophys. 

356, 1-11. 
Ischiropoulos H. and al Mehdi A. B. (1995) Peroxynitrite-mediated oxidative 

protein modifications. FEBS Lett. 364, 279-282. 
Jakes R., Spillantini M. G. and Goedert M. (1994) Identification of two distinct 

synuclein from human brains. FEBS Lett. 345, 27-32. 
Mandir A.  S.,  Przedborski  S., Jackson-Lewis  V.,  Wang Z.  Q.,  Simbulan- j 

Rosenthal M., Smulson M. E., Hoffman B. E., Guastella D. B., Dawson V. L. A 
and Dawson T. M. (1999) Poly (ADP-ribose) polymerase activation mediates 
MPTP-induced parkinsonism. Proc. Nad Acad. Sci. USA 96, 5774-5779. 

Narhi L., Wood S. J., Steavenson S., Jiang Y., Wu G. M., Anafi D., Kaufman S. 
A., Martin F., Sitney K., Denis P., Louis J. C, Wypych J., Biere A. L. and 
Citron M. (1999) Both familial Parkinson's disease mutations accelerate 

alpha-synuclein aggregation. J. Biol. Chem. Tli, 9843-9846. 
Pennathur S., Jackson-Lewis V., Przedborski S. and Heinecke J. W. (1999) Mass 

spectrometric quantification of 3-nitrotyrosine, ortho-tyrosine, and 0,0'- 
dityrosine in brain tissue of l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine- 

treated mice, a model of oxidative stress in Parkinson's disease. J. Biol. 

Chem. 274, 34621-34628. 
Polymeropoulos M. H., Lavedan C, Leroy E., Ide S. E., Dehejia A., Dutra A., 

Pike B., Root H., Rubenstein J., Boyer R., Stenroos E. S., Chandrasekharappa 
S., Athanassiadou A., Papapetropoulos T., Johnson W. G., Lazzarini A. M., 
Duvoisin R. C, Di lorio G., Golbe L. I. and Nussbaum R. L. (1997) Mutation 
in the a-synuelein gene identified in families with Parkinson's disease. 

Science 276, 2045-2047. 
Pong K., Doctrow S. R. and Baudry M. (2000) Prevention of I-methyl-4- 

phenylpyridinium- and 6-hydroxydopamine- induced nitration of tyrosine 
hydroxylase and neurotoxicity by EUK-134, a superoxide dismutase and 
catalase mimetic, in cultured dopaminergic neurons. Brain Res. 881, 182-189. 

Przedborski S. and Jackson-Lewis V. (2000) ROS and Parkinson's disease: a view 
to a kill, in Free Rdicals in Brain Pathophysiology (Poll G., Cadenas E. and 
Packer L., eds), pp. 273-290. Marcel Dekker Inc., New York. 

Przedborski S., Jackson-Ixwis V., Yokoyama R., Shibata T., Dawson V. L. and 
Dawson T. M. (1996) Role of neuronal nitric oxide in MPTP (l-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine)-indueed dopaminergic neurotoxicity. 

Proc. Nad Acad. Sci. USA 93, 4565-4571. 
Przcdbor.ski S., Jackson-Lewis V., Djaldetti R., Liberatore G., Vila M., Vukosavic 

S. and Aimer G. (2000a) The parkinsonian toxin MPTP: action and 
mechanism. Restor Neurol. Neurosci. 16, 135-142. 

Przedborski S., Jackson-Lewis V., Naini A., Jakowec M., Petzinger G., Miller R. 
and Akram M. (2000b) The parkinsonian toxin l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP): a technical review of its utility and safety. 

J. Neurochem. in press. 
Schulz J. B., Matthews R. T., Muqit M. M. K., Browne S. E. and Beal M. F. ' 

(1995) Inhibition of neuronal nitric oxide synthase by 7-nitroindazole protects 
against MPTP-induced neurotoxicity in mice. J. Neurochem. 64, 936-939. 1- 

Souza J. M., Giasson B. I., Chen Q., Lee V. M. and Ischiropoulos H. (2000) , 
Dityro.sine cross-liiiking promotes formation of stable alpha-synuclein 
polymers. Implication of nitrative and oxidative stress in the pathogenesis 
of neurodegenerative synucleinopathies. J. Biol. Chem. 275, 18344-18349. 

Spillantini M. G., Schmidt M. L., Lee V. M.-Y., Trojanowski J. Q., Roos J. and 
Goedert M. (1997) a-SynucIein in Lewy bodies. Nature 388, 839-840. 

Spillantini M. G., Crowther R. A., Jakes R., Hasegawa M. and Goedert M. 
(1998) a-synuclein in filamentous inclu.sions of Lewy bodies from 
Parkinson's disease and dementia with Lewy bodies. Proc. Nad Acad. Sci. 

USA 95, 6469-6473. 
Ye Y. Z., Strong M., Huang Z. Q. and Beckman J. S. (1996) Antibodies that 

recognize nitrotyrosine. Meth. Enzymol. 269, 201-209. 

2001 International Society for Neurochemistry, Journal of Neuwchemistry, 76, 637-640 



Bax ablation prevents dopaminergic 
neurodegeneration in the 1-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine 
mouse model of Parkinson's disease 
Miquel Vila*. Vernice Jackson-Lewis*, Slobodanl<a Vul<osavic*, Ruth Djaldetti*. Gabriel Liberatore*, Daniel Offend 
Stanley J. Korsmeyer*. and Serge Przedborskl*§i' 

Departments of *Neurology and Spathology, Columbia University, New York, NY 10032; ^Felsenstein Research Center, Petah-Til<va, Israel 69978; and 
♦Howard Hughes Medical Institute, Departments of Pathology and Medicine, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA 02115 

Contributed by Stanley J. Korsmeyer, December 29, 2000 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) damages do- 
paminergic neurons in the substantia nigra pars compacta (SNpc) 
as seen in Parkinson's disease. Here, we show that the pro- 
apoptotic protein Bax is highly expressed in the SNpc and that its 
ablation attenuates SNpc developmental neuronal apoptosls. In 
adult mice, there is an up-regulation of Bax in the SNpc after MPTP 
administration and a decrease in Bcl-2. These changes parallel 
IVIPTP-induced dopaminergic neurodegeneration. We also show 
that mutant mice lacking Bax are significantly more resistant to 
MPTP than their wild-type littermates. This study demonstrates 
that Bax plays a critical role In the MPTP neurotoxic process and 
suggests that targeting Bax may provide protective benefit in the 
treatment of Parkinson's disease. 

Parkinson's disease (PD) is a common neurodegenerative 
disorder whose cardinal clinical features include tremor, 

slowness of movement, stiffness, and postural instability (1). 
These disabling symptoms are primarily due to a profound deficit 
in striatal dopamine content that results from the degeneration 
of dopaminergic neurons in the substantia nigra pars compacta 
(SNpc) and the consequent loss of their projecting nerve fibers 
in the striatum (2, 3). Although several approved drugs do 
alleviate PD symptoms, their chronic use often is associated with 
debilitating side effects (4), and none seem to dampen the 
progression of the disease. Moreover, the development of ef- 
fective neuroprotective therapies is impeded by our limited 
knowledge of the mechanism by which SNpc dopaminergic 
neurons die in PD. Thus far, however, significant insights into the 
pathogenesis of PD have been achieved by the use of the 
neurotoxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP), which replicates in humans and nonhuman primates a 
severe and irreversible PD-like syndrome (5). In several mam- 
malian species, MPTP reproduces most of the biochemical and 
pathological hallmarks of PD, including the dramatic degener- 
ation of dopaminergic neurons (5). 

Mounting evidence indicates that highly regulated cell death- 
associated molecular pathways could participate in the relentless 
demise of neurons in degenerative diseases (6, 7), including PD 
(8). In keeping with this, Bax (9) has emerged as a pro-cell death 
driving force within the central decision point constituted by the 
Bcl-2 family that modulates the activation of downstream effec- 
tors of cell death such as caspases (7). It is also clear that Bax is 
required for the death of several types of neurons in the 
peripheral and central nervous systems during both normal 
development and pathological situations (10-18). In light of its 
critical role within the programmed cell death machinery and its 
importance in neuronal death, Bax appears as a particularly 
appealing target for therapeutic interventions aimed at hamper- 
ing neurodegeneration. Consistent with a potential pivotal role 
for Bax in SNpc neuronal death, here we show that Bax is highly 

expressed in the SNpc and that its ablation attenuates SNpc 
developmental neuronal apoptosis. We demonstrate that there 
is a dramatic up-regulation of Bax mRNA and protein in the 
SNpc of adult mice after MPTP administration. These changes 
parallel the time course of MPTP-induced dopaminergic neu- 
rodegeneration. We also show that mutant mice lacking Bax are 
resistant to MPTP compared with their wild-type littermates, 
thus indicating that Bax is a key factor in MPTP-induced SNpc 
dopaminergic neurodegeneration. 

Materials and Methods 

Animals and Treatment. C57/bl mice heterozygous for Bax were 
mated to yield Fi offspring with Bax"'~, Bax+'", and wild-type 
genotypes. Tail DNA was prepared and screened for both the 
normal and the mutant allele by using a single PCR. The normal 
allele was amplified by using an exon 5 forward primer (0.64 jaM: 
5'-TGATCAGAACCATCATG-3') and an intron 5 reverse 
primer (0.64 /xM: 5'-GTTGACCAGAGTGGCGTAGG-3'), 
which together generated a 304-bp product. The mutant allele 
was amplified with a neo/pgk primer (0.16 |u,M: 5'-CCGCTTC- 
CATTGCTCAGCGG-3') and the same intron 5 reverse primer, 
which together generated a 507-bp product. Cycling parameters 
were 1 min at 94°C, 55°C, and 72°C each for a total of 30-35 
cycles. The primer ratio was adjusted to allow amplification of 
both products simultaneously with preferential amplification of 
the wild-type allele to assure correct genotyping of the Bax- 
deficient animals. All mice used in this study were treated 
according to National Institutes of Health guidelines for Care 
and Use of Laboratory Animals and with the approval of 
Columbia University's Institutional Animal Care and Use Com- 
mittee. Eight-week-old male mice received one i.p. injection of 
MPTP-HCl per day (30 mg/kg per day of free base; Research 
Biochemicals, Natick, MA) for 5 consecutive days and were 
killed at 0, 2,4, 7, 21, and 42 days after the last injection; control 
mice received saline injections only. Both saline and MPTP 
animals then were divided into two groups. The first group was 
perfused and brains were used for immunohistochemistry, 
whereas the second group of mice were killed, and brains were 
quickly removed, dissected (midbrain, striatum, cerebellum, and 
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cortex), snap-frozen on dry ice, and stored at -80°C for Western 
blot, immunoprecipitation, and reverse transcriptase-PCR anal- 
ysis. MPTP use and safety precautions were as described (19). 

Immunohistochemistry and Double Immunofluorescence. Immuno- 
histochemistry was performed as described by Vila et al. (20) 
with a polyclonal antibody to Bax (1:500; polyclonal; PharMin- 
gen). Immunostained sections then were counterstained with 
thionin. To examine the colocalization of Bax with tyrosine 
hydroxylase (TH), a double immunofluorescence technique was 
performed by using the same polyclonal anti-Bax antibody (1:200 
dilution) and a monoclonal antibody to TH (1:200 dilution; 
Boheringer Mannheim). Sections were examined on green, red, 
and double (green -I- red) filters by using confocal microscopy. 

Striatal Lesions with Quinolinic Acid (QA). After Metofane inhala- 
tion, mouse pups aged postnatal day seven of either sex received 
an intrastriatal injection of 0.5 fiX of a 480 nmol solution of QA 
dissolved in PBS at pH 7.4 as described (21). One day after the 
QA injection, animals were perfused and brains were processed 
for morphological analysis. 

Immunoblots and Immunoprecipitation. For Western blot analysis, 
total tissue proteins were isolated in 50 mM Tris-HCl, pH 
7.0/150 mM NaCl/5 mM EDTA/1% SDS/1% Nonidet P-40/ 
protease inhibitors (Mini mixture; Roche Diagnostics, Indianap- 
olis, IN). Incubation with primary antibody was performed 
overnight at 4°C with monoclonal antibodies to Bax (1:1,500 
dilution; Santa Cruz Biotechnology) or Bcl-2 (1:500 dilution, 
Transduction Laboratories, Lexington, KY) and, as an internal 
control, a monoclonal antibody to j3-actin (1:5,000, Sigma). Films 
were quantified by using the National Institutes of Health IMAGE 
analysis system. For immunoprecipitation, frozen samples from 
saline-injected mice and MPTP-intoxicated animals (at day 4 
after the last MPTP injection) were homogenized in 10 vol 
(wt/vol) of 10 mM Hepes (pH 7.20) containing 0.25% Nonidet 
P-40,142.5 mM KCl, 5 mM MgCb, 1 mM EGTA, and one tablet 
of protease inhibitor mixture. Then, 250 /xg of protein was 
incubated (overnight, 4°C) with 3 /xg of a polyclonal antibody to 
Bcl-2 (N-19, Santa Cruz Biotechnology) and further processed 
for immunoprecipitation and immunoblotting as described by 
Ara et al. (22). Here, blots were immunostained with either a 
monoclonal antibody to Bax (1:1,500 dilution; Santa Cruz Bio- 
technology) or a monoclonal antibody to Bcl-2 (1:1,000 dilution; 
Transduction Laboratories). 

RNA Extraction and Reverse Transcriptase-PCR. Total RNA was 
extracted from midbrain, striatal, and cerebellar samples from 
saline and chronic MPTP-treated animals and used for reverse 
transcriptase-PCR analysis as described by Vila et al. (20). The 
Bax primer sequences were 5'-CTGAGCTGACCTTG- 
GAGC-3' (forward) and 5'-GACTCCAGCCACAAAGATG-3' 
(reverse). As an internal control, j3-actin cDNA was coamplified 
by using primer sequences 5'-CTTTGATGTCACGCAC- 
GATTTC-3' (forward) and 5'-GGGCCGCTCTA GGCAC- 
CAA-3' (reverse). Each PCR cycle consisted of denaturation at 
94°C for 5 min, annealing at 55°C for 1 min, and extension at 72°C 
for 1.5 min, followed by a final 10-min extension at 72°C. PCR 
amplification was carried out for 30 cycles for Bax and 22 cycles 
for /3-actin by using a Perkin-Elmer GeneAmp 9700 Thermal 
Cycler. 

Stereology and Quantification of Apoptotic Neurons. The total 
number of TH-positive SNpc neurons was counted in the 
different groups of animals at 21 days after the last MPTP or 
saline injection by using the optical fractionator method as 
described by Liberatore et al. (23). This unbiased method of cell 
counting is not affected by either the volume of reference (SNpc) 

or the size of the counted elements (neurons). Immunostaining   ^ 
was performed with a polyclonal antibody to TH (1:4,000; 
Calbiochem), and sections were counterstained with thionin. 
Quantification of the number of apoptotic neurons in the SNpc   ' 
of MPTP- and saline-injected mice was assessed as described   < 
(21). Morphological criteria to identify apoptotic figures in- 
cluded shrinkage of cellular body, chromatin condensation, and 
the presence of distinct, round, well-defined chromatin clumps, 
demonstrated by thionin staining (21). 

Measurement of Striatal Dopamine, 3,4-Diliydroxyphenylacetic Acid, 
and Homovanillic Acid Levels. HPLC with electrochemical detec- 
tion was used to measure striatal levels of dopamine, 3,4- 
dihydroxyphenylacetic acid, and homovanillic acid by using a 
method that has been described by Przedborski et al. (24), with 
minor modifications of the mobile phase. At 21 days after the last 
MPTP injection, animals were killed and striata were dissected 
out and processed for HPLC measurement. The modified mobile 
phase consisted of 0.15 M monochloroacetic acid, pH 3.0, 200 
mg/liter sodium octyl sulfate, 0.1 mM EDTA, 4% acetonitrile, 
and 2.5% tetrahydrofuran. 

Measurement of Striatal MPP+ Levels. HPLC with UV detection 
(wavelength, 295 nm) was used to measure striatal MPP+ levels 
as described by Przedborski et al. (24). Groups of Bax+/", 
Bax"/", and wild-type littermates were killed at 90 and 180 min 
after one i.p. injection of 30 mg/kg MPTP, and the striata were 
dissected and processed for HPLC. 

Statistical Analysis. All values are expressed as the mean ± SEM 
with time, treatment, or genotype as the independent factors. 
When ANOVA showed significant differences, pair-wise com- • 
parisons between means were tested by Newman-Keuls post hoc 
testing. In all analysis, the null hypothesis was rejected at the 0.05 
level. \ 

Results 
High Expression of Bax in SNpc Dopaminergic Neurons. Relevant to 
the potential role of Bax in PD neurodegeneration, we found that 
virtually all neurons of the SNpc exhibit conspicuous levels of 
Bax protein, as evidenced by immunohistochemistry (Fig. la). 
SNpc neurons are primarily dopaminergic and secondarily 
GABAergic (25). Thus, to confirm that dopaminergic neurons 
do contain Bax protein, we performed double immunohisto- 
chemistry for TH, the rate-limiting enzyme in dopamine syn- 
thesis, and Bax. Examination by confocal microscopy demon- 
strated that all TH-positive neurons expressed Bax (Fig. 1 b and 
c) and, as expected given the ubiquitous expression of Bax in the 
brain, that Bax was expressed by both TH-positive and TH- 
negative neurons. Most Bax-positive SNpc dopaminergic neu- 
rons showed a prominent punctate immunoreactivity superim- 
posed onto a diffuse cytoplasmic immunostaining (Fig. Id), 
which is consistent with the known subcellular distribution of 
Bax in both mitochondria and cytosol (9, 26). 

Bax Modulates Developmental Cell Death in the SNpc. During de- 
velopment, neurons in the SNpc undergo an intense naturally 
occurring cell death process (21, 27). Dying neurons exhibit the 
morphological characteristics of apoptosis and their numbers are 
modulated by the size of striatum (21, 27), the brain structure in 
which SNpc neuron projections form synapses. Indeed, 24 h after 
unilateral destruction of the striatum with a local injection of the 
excitotoxin QA at postnatal day seven, wild-type pups showed 
four times more apoptotic neurons in the SNpc ipsilateral to the * 
lesion compared with the contralateral side (Fig. 2). Age- 
matched mutant pups heterozygous {Bax^'~) or homozygous ,• 
(Bax"'") for the Bax null mutation showed a gene dosage-       { 
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Fig. 1. Bax expression In SNpc dopaminergic neurons of adult mice, (a) Bax Is highly expressed In SNpc neurons, as assessed by immunohistochemlstry; sections 
are counterstained with thlonin. (a') High magnification of Bax-immunostalned neurons in the SNpc. (fa and c) Double Immunof luorescence with antibodies to 
Bax and TH confirms that Bax (In green) Is expressed In dopaminergic neurons (In red), id) Confocal microscopy analysis of Bax-posltlve dopaminergic neurons 
(Bax + TH Immunostaining) shows a robust punctate immunoreactlvlty superimposed onto a diffuse cytoplasmic immunostalnlng. [Scale bars: 200 fim (a), 10 ^im 

(a' and cO, and 30 /xm (fa and c).] 

B 
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Fig. 2. Bax regulates natural and QA-induced developmental neuronal 
death in the SNpc. (a) Schematic representation of the model of induced 
apoptotic cell death In the SNpc by unilateral destruction of the strlatum (I.e., 
the target) at postnatal day seven with a local Injection of QA. (fa) 24 h after 
the lesion, wild-type mice (n = 5) exhibit a substantial number of dying 
neurons with a definite morphology of apoptosis in the contralateral SNpc 
and a dramatic increase in this number in the SNpc ipsllateral to the QA lesion. 
Age-matched mutant mice deficient for Bax (Bax+'- and Bax"'", n = 4 per 
group) exhibit a striking lower number of SNpc apoptotic neurons after QA 
administration. a,P< 0.05, compared with wild-type control-side; b,P< 0.05, 
compared with Bax+'~ control-side; c,P< 0.05, compared with wild-type and 
Bax+'" QA-lesioned sides but not significant when compared with Bax"'" 
control side; Newman-Keuls post hoc analysis. 

dependent reduction of SNpc apoptotic neurons after QA 
administration (Fig. 2). 

MPTP Stimulates Bax Expression in Ventral Midbrain. In saline- 
injected mice, there was a high constitutive expression of Bax 
protein in the ventral midbrain (Fig. 3a). After systemic MPTP 
administration, there was a dramatic up-regulation of Bax 
protein in this brain region (Fig. 3a), in agreement with a 
previous study (28). This change occurred in a time-dependent 
manner, with protein levels peaking at 4 days after the last 
MPTP injection (-1-668%), then progressively returning to con- 
trol levels (Fig. 3a). This alteration was not only time-dependent 
but was also region-specific as MPTP-intoxicated mice showed 
no Bax up-regulation, at any of the time points studied, in 
striatum or in cerebellum, two brain regions devoid of neuronal 
loss after MPTP administration. 

MPTP Increases Bax mRNA Levels in Ventral Midbrain. Given the 
change in Bax protein after MPTP injections, we also investi- 
gated whether this change was associated with Bax transcrip- 
tional alterations. In saline-injected mice, there was a constitu- 
tive level of Bax transcript in the ventral midbrain (Fig. 3b). In 
MPTP-injected mice, there was a time-dependent increase in the 
level of Bax transcript, which peaked at 2 days after the last 
MPTP injection (-H364%), then progressively returned to the 
level of controls by day 7 (Fig. 3b). Bax mRNA up-regulation was 
also region-specific as it was not detected in the striatum nor in 
the cerebellum of MPTP-intoxicated animals. 

Time Course of MPTP-lnduced Apoptotic Neuronal Death. Quanti- 
fication of apoptotic cells in the SNpc of MPTP- and saline- 
injected mice indicates that apoptotic neuronal death culminated 
between days 2 and 4 after the last MPTP injection (Fig. 3). 
Morphological criteria used to identify apoptotic cells were 
previously vaUdated (21) and included shrinkage of cellular 
body, chromatin condensation, and presence of distinct, round, 
well-defined chromatin clumps, demonstrated by thionin 
staining. 

i 
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Fig. 3. Bax expression in the ventral midbrain after IVIPTP intoxication, (a) Bax protein levels in the ventral midbrain (n = 3 mice per group) were assessed by 
Western blot analysis, (b) Bax mRNA expression in the ventral midbrain was quantified by reverse transcriptase-PCR (n = 3-5 mice per group), (c) Bax protein 
and mRNA up-regulation coincide with the time course of apoptotic-induced cell death in the SNpc. Morphological criteria to identify apoptotic figures, as 
illustrated in photomicrographs, included shrinkage of cellular body, chromatin condensation, and the presence of distinct, round, well-defined chromatin 
clumps, demonstrated by thionin staining. (Scale bar, 5 /xm.) (d) Bcl-2 protein expression (Upper) and immunoprecipitation (tower) after MPTP intoxication. Bcl-2 
protein levels are decreased in the ventral midbrain of MPTP-intoxicated mice at days 2 and 4 after the last MPTP injection (n = 3-5 mice per group). At day 4 
after the last injection, ventral midbrain proteins (n = 4 mice per group) were subjected to immunoprecipitation with a polyclonal antibody to Bcl-2. The amount 
of Bax colmmunoprecipitated with Bcl-2 appeared less abundant in the pellets of MPTP-intoxicated mice than in those of saline-injected animals. This was 
associated with increased Bax immunoreactivity in the supernatant. S, saline; TP, total proteins. •, P< 0.05, compared with saline-injected animals; Newman-Keuls 
post hoc analysis. Error bars indicate SEM. 

MPTP Decreases Bax:Bcl-2 Heterodimerization in the Ventral Midbrain. 
Several members of the Bcl-2 family, such as BcI-2, can bind to 
Bax to form Bax:Bcl-2 heterodimers, hence antagonizing Bax 
pro-cell death properties (9). Accordingly, we determined the 
levels of Bcl-2 protein as well as its capacity to heterodimerize 
with Bax protein in ventral midbrain of MPTP-intoxicated mice, 
at the peak of MPTP-induced apoptotic neuronal death. In 
striking contrast with Bax up-regulation, Bcl-2 protein levels, as 
assessed by Western blot, were dramatically decreased in ventral 
midbrain of MPTP-intoxicated mice compared with saline- 
injected animals, 2 and 4 days after the last injection (Fig. 3d). 
Furthermore, the amount of Bax that colmmunoprecipitated 
with Bcl-2 at this time point, using an anti-Bcl-2 antibody, was 
much less in MPTP-intoxicated mice than in saline-injected 
animals (Fig. 3d). Consistent with this finding, the amount of Bax 
that escaped coimmunoprecipitation using an anti-Bcl-2 anti- 
body was much greater in MPTP-intoxicated mice than in 
saline-injected animals (Fig. 3d). The ratio of these proteins 
indicates that most of the Bax protein could be inactivated by 
Bcl-2 in saline-injected mice whereas there is an excess of 
unopposed Bax in MPTP-injected mice. 

Bax-Deficient Mice Are Resistant to MPTP intoxication. To confirm 
the involvement of Bax in MPTP-induced neuronal death, we 
compared the effects of MPTP in Bax'^'~ and Bax~'~ mice and 
in their wild-type littermates. In saline-injected mice, no signif- 
icant changes in stereological counts of SNpc dopaminergic 
neurons, defined by TH immunostaining, were detected between 

the different groups of mice (Fig. 44). In wild-type mice, MPTP 
caused a dramatic loss of SNpc TH-positive neurons, which was 
accompanied by a large number of apoptotic neurons (Fig. 4 A 
and B). MPTP can down-regulate phenotypic markers such as 
TH (29), thus it is important to indicate that the TH/Nissl ratio 
of neuronal counts did not differ between saline- and MPTP- 
injected wild-type mice (saline = 1.78 ± 0.05 vs. MPTP = 1.77 ± 
0.03; « = 3 per group; Student's t test), confirming that the 
reduction in TH-positive neurons corresponds to an actual loss 
of neurons. In contrast to the situation in wild-type animals, 
MPTP failed to affect SNpc TH-positive neuronal counts in 
Bax~'~ and caused only a mild reduction of these numbers in 
Bax^i~ mice (Fig. 44). Similarly, the number of MPTP-induced 
SNpc apoptotic neurons was significantly smaller in Bax~'~ and, 
to a lesser extent, in Bax^'~ than in wild-type animals (Fig. AB). 
Although less striking than the loss of the SNpc cell body counts, 
the loss in striatal dopaminergic nerve terminals after MPTP 
administration, as assessed by measuring the levels of dopamine 
and its two main metabolites 3,4-dihydroxyphenylacetic acid 
and homovanillic acid, was also markedly attenuated in Box''" 
and Bax^'~ mice, compared with their wild-type littermates 
(Table 1). 

MPP+ Production in Bax-Deficient Mice. The main determining 
factor of MPTP neurotoxic potency is its conversion in the brain 
to l-methyl-4-phenylpyridinium ion (MPP"^) (30). To confirm 
that the resistance of Bax~'~ mice is due to the absence of the 
Bax gene and not to an alteration in the brain's production of 
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Fig. 4. Bax-deficient mice are resistant to IVIPTP neurotoxic effect. (A) 
Stereological counts of TH-positive neurons in tine SNpc were performed in 
Bax-deficient mice and tlneir wiid-type littermates at day 21 after the last 
injection (n = 3-5 mice per group). In wild-type mice, only 53% of the SNpc 
TH-positive neurons survived IVIPTP administration. In contrast, 81 % of SNpc 
TH-positive neurons survived in Bax*'~ mice and no loss of TH-positive cells was 
found in Bay-'' animals under an identical IVIPTP regimen. *, P < 0.05, 
compared with saline-injected wild-type animals; Newman-Keuls post hoc 
analysis, (fi) At the peak of apoptotic cell death (day 4 after the last IVIPTP 
injection), Bax''' mice (n = 3) presented 85% reduction in the number of 
apoptotic profiles in the SNpc compared with MPTP-intoxicated control ani- 
mals (n = 4). In Bax+'' animals (n = 4), these numbers were reduced by 37%. 
*, P < 0.05 compared with MPTP-intoxicated control animals; •*, P < 0.05 
compared with MPTP-intoxicated control animals and MPTP-intoxicated 
Bax*'~ mice; Newman-Keuls post hoc analysis). Error bars indicate SEM. (0 
Photomicrographs of TH-immunostained sections with thionin counterstain, 
illustrating the results in A. (Scale bar, 400 /nm.) 

MPP"^, we measured striatal content of MPP"^ at different time 
points after JVIPTP administration. At no time point does the 
striatal content of MPP+ differ significantly among Bca^'", 
Bax~'~, and wild-type littermate mice (Table 2). 

Table 1. Striatal monoamine levels (ng/mg tissue) 

Mice Dopamine DOPAC HVA 

Saline 
Wild type 12.2 ± 0.2 2.1 ± 0.2 1.8 + 0.1 
eax+/- 13.3 ± 0.3 2.0 ± 0.1 1.7 + 0.1 
Bax-'- 13.4 ±0.4 2.4 ± 0.1 1.6 ±0.2 

IVIPTP 
Wild type 0.5 ± 0.1 0.3 ± 0.05 0.2 ± 0.01 
Bax-*/- 3.1 ± 0.3* 0.6 ± 0.06 0.6 ± 0.04* 
Bax-l- 4.1 ± 0.2** 1.3 ±0.2** 1.0 ±0.1** 

DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid. *, P < 
0.05, compared to MPTP-injected wild-type mice; **, P < 0.05, compared to 
MPTP-injected wild-type and MPTP-injected Bax*l- mice; Newman-Keuls post 
hoc test. Data represent means ± SEM for 4-6 mice per group. 

Table 2. Striatal MPP+ levels (/ng/g strlatum) in Bax-deficient 

and wiid-type mice 

Mice 90 min 180 min 

Wild type 
Bax*l- 
Bax-I- 

8.5 ± 1.0 
7.6 ± 1.9 

10.0 ± 1.0 

5.7 ± 0.9 
5.1 ±0.3 
5.4 ± 0.8 

HPLC measurements of striatal MPP+ levels in wild-type and Bax-deficient 
mice were determined at 90 and 180 min after a single i.p. MPTP injection (30 
mg/l<g). n = 4 animals per group. Values represent the mean ± SEM. 

Discussion 

Bax is widely expressed in the central nervous system, where it 
is detected primarily in neurons (9, 31). Herein, we show that 
almost all neurons of the SNpc, especially all dopaminergic 
neurons, contain abundant amounts of Bax protein (Fig. 1), 
likely located both at mitochondria and in cytosol (9). We also 
demonstrate that Bax controls the apoptotic demise of SNpc 
dopaminergic neurons during development, because its ablation 
attenuates SNpc developmental cell death in immature animals 
(Fig. 2). These findings confirm a key role for Bax in the fate of 
SNpc neurons, thus setting the stage for Bax being a potential 
culprit in the degeneration of SNpc dopaminergic neurons in PD. 

To test the contribution of Bax in PD neurodegeneration, we 
used the experimental model produced by the parkinsonian 
neurotoxin MPTP (5). Because the mode of cell death in PD may 
be, at least in part, apoptotic (8), we selected a MPTP regimen 
that kills SNpc dopaminergic neurons by apoptosis (32). This 
regimen induces a time-dependent apoptotic cell death in the 
SNpc that is maximal between 2 and 4 days after the last dose 
of MPTP (Fig. 3c). Relevant to the known pro-apoptotic role of 
Bax, we found that the time course of SNpc apoptotic neuronal 
death coincides with that of increased levels of Bax mRNA and 
protein in ventral midbrain after MPTP administration (Fig. 3 
a and b). The opposite image was found for Bcl-2 in that at 2 and 
4 days post-MPTP ventral midbrain Bcl-2 protein levels were 
markedly reduced. These findings suggest that, during the 
MPTP-induced neurodegenerative process, the finely tuned 
balance between cell death agonists, such as Bax, and cell death 
antagonists, such as Bcl-2, is upset in the ventral midbrain, 
leading to a situation in which molecular pro-apoptotic forces 
dominate (33). In this context, an aspect related to Bax function 
is its capacity to form heterodimers with Bcl-2 and homomul- 
timers with itself (34). In saline-injected mice, the amount of Bax 
can theoretically be neutralized by Bcl-2 as evidenced by the 
majority of Bax in heterodimers. Whereas, in MPTP-injected 
mice excess Bax exists free of neutralizing interaction with Bcl-2 
(Fig. 3d). Taken together, our data suggest that, after MPTP 
administration, a cascade of deleterious events is set in motion 
within which Bax up-regulation and Bcl-2 down-regulation are 
key factors. Consistent with this scenario, the observed neuro- 
protective effects provided by Bcl-2 overexpression against 
MPTP (35, 36) may reflect its capacity to counter Bax. 

Consistent with the involvement of Bax in the MPTP neuro- 
toxic process is our demonstration that no significant loss of 
SNpc dopaminergic neurons was observed in Bca"'' mice and 
that approximately 81% of SNpc dopaminergic neurons survived 
in Bax'^'~ mice compared with their wild-type littermates after 
MPTP administration (Fig. 4). Similarly, there were significantly 
fewer apoptotic neurons in the SNpc oiBax'^'^ and JBOX"'" after 
MPTP administration compared with wild-type controls (Fig. 4). 
The resistance of the SNpc dopaminergic neurons in Bax knock- 
out mice was accompanied by a significant, although less prom- 
inent, sparing of striatal dopamine contents (Table 1). The latter 
suggests that Bax ablation protects against SNpc neuronal death, 
but still allows some changes in gene expression and/or alter- 
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ations in dopamine synthesis. Relevant to this, is our previous 
demonstration that TH, the rate-limiting enzyme in dopamine 
synthesis, is inactivated by tyrosine nitration after MPTP ad- 
ministration (22). 

We also found that ablation of Bax was not associated with 
alterations in the formation of MPTP active metabolite, MPP+ 
(Table 2), which is the most significant modulating factor of 
MPTP potency (30). 

In light of the results reported above, including the resistance 
of Bax-deficient mice to the neurotoxic effects of MPTP, we 
argue that Bax is a critical effector molecule in MPTP-mediated 
cell death. Given the mode of action of MPTP and Bax, it is 
possible that the mitochondrion is key to the observed neuro- 
protection. Models of Bax activation indicate its oligomerization 
may result in a homomultimeric pore (37), a VDAC-containing 
pore (38), or a permeabilization of mitochondrial outer mem- 
brane (39) to release cytochrome c. Several lines of evidence 
indicate that translocation of mitochondrial cytochrome c to the 
cytosol is a critical event in the mitochondrial-dependent acti- 
vation of effector caspases such as caspase-3 and ensuing cell 
death (40). Providing credence to this proposed sequence of 
events in PD is the observation that caspase-3 is indeed activated 
in postmortem SNpc samples from parkisonian patients (41). 
Once inside dopaminergic neurons, MPP"^ is actively concen- 
trated within mitochondria, where it inhibits complex I of the 
electron transport chain (5). This inhibition leads to a deficit in 
ATP formation and to an increase in reactive oxygen species 
production (5), which, in turn, cause an energy crisis and 
oxidative stress. As with other situations, mitochondrial dysfunc- 
tion seen after MPTP administration ultimately can trigger large 
amplitude swelling often attributed to the opening of the per- 

meability transition pore complex (PTPC). Alternatively, the 
opening of the PTPC can lead to several dramatic consequences, 
including a dissipation of the mitochondrial transmembrane 
potential and a release to the cytosol of proteins normally 
confined to the mitochondria, such as cytochrome c (42)._ 

Collectively, our results indicate that Bax plays a pivotal role 
in SNpc dopaminergic neuronal death in the MPTP mouse 
model likely by acting in injured neurons before the onset of 
irreversible cell death events. Whether blocking events down- 
stream of Bax also can protect these cells remains to be deter- 
mined. Ablation of the cell executioner, caspase-3, dramatically 
decreases neuronal death during development (43). However, 
whether inhibition of caspases downstream of mitochondria will 
prove sufficient to interfere with adult-onset pathological stimuli 
or merely shift the mode of death of severely injured neurons 
remains uncertain. Because of the striking similarities between 
the MPTP model and PD, the present study raises the possibility 
that Bax plays a critical role in the neurodegenerative process of 
PD and thus that targeting Bax could open new neuroprotective 
avenues for this disabling neurological disease. 
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1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) dam- 
ages the nigrostriata! dopaminergic pathway as seen in Parkin- 
son's disease (PD), a common neurodegenerative disorder with 
no effective protective treatment. Consistent with a role of giial 
ceiis in PD neurodegeneration, here we show that minocycline, 
an approved tetracycline derivative that inhibits microgiiai ac- 
tivation independently of its antimicrobial properties, mitigates 
both the demise of nigrostriatal dopaminergic neurons and the 
formation of nitrotyrosine produced by MPTP. In addition, we 
show that minocycline not only prevents MPTP-induced acti- 
vation of microglia but also the formation of mature 
interleukin-1 /3 and the activation of NADPH-oxidase and induc- 
ible nitric oxide synthase (INOS), three key microglial-derived 

cytotoxic mediators. Previously, we demonstrated that ablation 
of iNOS attenuates MPTP-induced neurotoxicity. Now, we 
demonstrate that INOS is not the only microglial-related culprit 
implicated in MPTP-induced toxicity because mutant INOS- 
deficient mice treated with minocycline are more resistant to 
this neurotoxin than iNOS-deficient mice not treated with mi- 
nocycline. This study demonstrates that microglial-related in- 
flammatory events play a significant role in the MPTP neuro- 
toxic process and suggests that minocycline may be a valuable 
neuroprotective agent for the treatment of PD. 

Key words: IL-Iji; iNOS; minocycline; microglia; MPTP; 
NADPH-oxidase; neurodegeneration; Parkinson's disease 

Parkinson's disease (PD) is a common neurodegenerative disor- 
der whose cardinal clinical features include tremor, slowness of 
movement, stiffness, and postural instability (Fahn and Przedbor- 
ski, 2000). These symptoms are primarily attributable to the 
degeneration of dopaminergic neurons in the substantia nigra 
pars compacta (SNpc) and the consequent loss of their projecting 
nerve fibers in the striatum (Homykiewicz and Kish, 1987; Pa- 
kkenberg et al., 1991). Although several approved drugs do alle- 
viate PD symptoms, chronic use of these drugs is often associated 
with debilitating side effects (Kostic et al., 1991), and none seems 
to dampen the progression of the disease. So far, the development 
of effective neuroprotective therapies is impeded by our limited 
knowledge of the pathogenesis of PD. However, significant in- 
sights into the mechanisms by which SNpc dopaminergic neurons 
may die in PD have been achieved by the use of the neurotoxin 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), which rep- 
licates in humans and nonhuman primates a severe and irre- 
versible PD-like syndrome (Przedborski et al., 2000). In several 
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mammalian species, MPTP reproduces most of the biochemical 
and pathological hallmarks of PD, including the dramatic neuro- 
degeneration of the nigrostriatal dopaminergic pathway (Przed- 
borski et al., 2000). 

To elucidate PD pathogenic factors, and thus to develop ther- 
apeutic strategies aimed at halting its progression, we revisited 
the neuropathology of this disease in search of putative culprits. 
Aside from the dramatic loss of dopaminergic neurons, it appears 
that the SNpc is also the site of a robust glial reaction in PD and 
experimental models of PD (Vila et al., 2001b). Although gliosis 
and especially activated microglia may sometimes be associated 
with beneficial effects, often gliosis appears to be deleterious 
(Vila et al., 2001b). For instance, microglial cells, which are 
resident macrophages in the brain, have the ability to react 
prompdy in response to insults of various natures (Kreutzberg, 
1996) in that resting microglia quickly proliferate, become hyper- 
trophic, and increase or express de novo a plethora of marker 
molecules (Banati et al., 1993; Kreutzberg, 1996). The multi- 
functional nature of activated microglia encompasses the up- 
regulation of cell surface markers such as the macrophage 
antigen complex-1 (M AC-1), phagocytosis, and the production 
of cytotoxic molecules, including reactive oxygen species 
(ROS), nitric oxide (NO), and a variety of proinflammatory 
cytokines such as interleukin-lj3 (IL-1|8) (Banati et al., 1993; 
Gehrmann et al., 1995; Hopkins and Rothwell, 1995). Given 
this, there is little doubt that activated microglia, through the 
actions of aforementioned factors, can inflict significant dam- 
age on neighboring cells. 

MinocycUne, a semisynthetic second-generation tetracycline, is 
an antibiotic that possesses superior penetration through the 
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brain-blood barrier (Aronson, 1980). Minocycline has emerged 
as a potent inhibitor of microglial activation (Amin et al., 1996; 
Yrjanheikki et al., 1998,1999; Tikka and Koistinaho, 2001; Tikka 
et al., 2001a), an anti-inflammatory property completely separate 
from its antimicrobial action, and as an effective neuroprotective 
agent in experimental brain ischemia (Yrjanheikki et al., 1998, 
1999), in the R6/2 mouse model of Huntington's disease (Chen et 
al., 2000), in traumatic brain injury (Sanchez Mejia et al., 2001), 
and in the 6-hydroxydopamine model of PD (He et al., 2001). In 
the present study, we report that, in the MPTP mouse model of 
PD, minocycline (1) mitigates, in a dose-dependent manner, the 
loss of dopaminergic cell bodies in the SNpc and of nerve termi- 
nals in the striatum, (2) reduces the levels of nitrotyrosine, a 
marker of protein nitrative modification, (3) prevents microglial 
activation with minimal effects on the astrocytic response, (4) 
reduces the formation of mature IL-lj3 and decreases activation 
of NADPH-oxidase and upregulation of inducible nitric oxide 
synthase (iNOS), two enzymes implicated in microglial-derived 
production of ROS and NO, respectively, and (5) protects against 
MPTP beyond the beneficial effect of iNOS ablation (Liberatore 
et al., 1999; Dehmer et al., 2000). 

MATERIALS AND METHODS 
Animals and treatment. All mice used in this study were 8-week-old male 
C57BL/6 mice from Charles River Laboratories (Wilmington, MA) and 
iNOS-deficient mice (C57BL/6-NOS2; The Jackson Laboratory, Bar 
Harbor, ME) and their wild-type littermates weighing 22-25 gm. For 
MPTP intoxication, mice received four intraperitoneal injections of 
MPTP-HCl (18 or 16 mg/kg of free base; Sigma, St. Louis, MO) in 
saline at 2 hr intervals. For minocycline treatment, mice received twice 
daily (12 hr apart) intraperitoneal injections of varying doses of 
minocycline-HCI ranging from 1.4 to 45 mg/kg (Sigma) in saline starting 
30 min after the first MPTP injection and continuing through 4 addi- 
tional days after the last injection of MPTP; control mice received saline 
only. Mice {n = 5-8 per group; saline-saline, saline-minocycline, 
MPTP-saline, and MPTP-minocycline) were killed at selected time 
points, and their brains were used for morphological and biochemical 
analyses. Procedures using laboratory animals were in accordance with 
the National Institutes of Health guidelines for the use of live animals 
and were approved by the institutional animal care and use committee of 
Columbia University. MPTP handling and safety measures were in 
accordance with our published recommendations (Przedborski et al., 
2001b). 

Immunoblots. Cytosolic and particulate fractions from selected mouse 
brain regions were prepared as described previously (Vila et al., 2001a) 
and used for either one-dimensional Western blot or dot-blot analyses. 
For Western blots, the following primary antibodies were used: mono- 
clonal anti-p67phox (1:1000; Transduction Laboratories, Lexington, 
KY), polyclonal anti-calnexin (1:2000; Stressgen, Victoria, British Co- 
lumbia, Canada). For dot-blot analyses, 25 /xg of protein extracts were 
loaded onto the 0.2 /xm nitrocellulose membrane in dot-blot apparatus 
(Bio-Rad, Hercules, CA), and blots were probed with an affinity-purified 
polyclonal antibody against nitrotyrosine (1:1000) (Przedborski et al., 
2001a) that was preconjugated overnight at 4°C with 1:5000 dilution of 
horseradish-labeled donkey anti-rabbit IgG. For all blots, bound primary 
antibody was detected using a horseradish-conjugated antibody against 
IgG and a chemiluminescent substract (SuperSignal Ultra; Pierce, Rock- 
ford, IL). All films were quantified using the NIH Image analysis system. 

RNA extraction and reverse transcription-PCR. Total RNA was ex- 
tracted from midbrain, striatal, and cerebellar samples from all four 
groups of mice at selected time points and used for reverse transcription- 
PCR analysis as described previously (Vila et al., 2001a). The primer 
sequences used in this study were as follows: for mouse M AC-1, 5'-CAG 
ATC AAC AAT GTG ACC GTA TGG-3' (forward) and 5'-CAT CAT 
GTC CTT GTA CTG CCG C-3' (reverse); for mouse glial fibrillary 
acidic protein (GFAP), 5'-CAG GCA ATC TGT TAC ACT TG-3' 
(forward) and 5'-ATA GCA CCA GGT GCT TGA AC-3' (reverse); and 
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-GTT TCT 

TAC TCC TTG GAG GCC AT-3' (forward) and 5'-TGA TGA CAT 
CAA GAA GTG GTG AA-3' (reverse). PCR amplification was per- 
formed for 26 cycles for MAC-1 and GFAP and 18 cycles for GADPH. 
After amplification, products were separated on a 5% PAGE. Gels were • 
dried and exposed overnight to a phosphorimager screen, and then 
radioactivity was quantified using a computerized analysis system (Bio- 
Rad Phospholmager system). 

Immunohistochemistry and stereology. Brains were fixed and processed 
for immunostaining as described previously (Liberatore et al., 1999). 
Primary antibodies used in this study were as follows: rat anti-MAC-1 
(1:200; Serotec, Raleigh, NC), mouse anti-GFAP (1:1000; Boehringer 
Mannheim, Indianapolis, IN), and a rabbit polyclonal anti-tyrosine hy- 
droxylase (TH) (1:1000; Calbiochem, San Diego, CA). Immunostaining 
was visualized by using either 3,3'-diaminobenzine (brown) or SG sub- 
strate kit (gray blue; Vector Laboratories, Burlingame, CA). Sections 
were counterstained with thionin. 

The total number of TH-positive SNpc neurons was counted in the 
various groups of animals at 7 d after the last MPTP or saline injection 
using the optical fractionator method as described previously (Liberatore 
et al., 1999). This is an unbiased method of cell counting that is not 
affected by either the volume of reference (SNpc) or the size of the 
counted elements (neurons). Striatal density of TH immunoreactivity 
was determined as described previously (Burke et al., 1990). 

Assay of NOS catalytic activity. Ventral midbrain NOS activity was 
assessed by measuring both the calcium-dependent and calcium- 
independent conversion of [-^Hjarginine to [^HJcitruUine as described 
previously (Liberatore et al., 1999). 

Mature IL-lfi measurement. Ventral midbrain content of mature ma- 
rine IL-1/3 was done as described using an enzyme-linked immunosor- 
bend assay kit specific for this cytokine (R&D Systems, Minneapolis, 
MN) (Li et al., 2000). 

Measurement of striatal levels of l-methyl-4-phenylpyridinium. This was 
done in MPTP-saline and MPTP-minocycline mice killed at 90 min 
after one intraperitoneal injection of 18 mg/kg MPTP using an HPLC 
method with ultraviolet detection (wavelength, 295 nm) as described 
previously (Przedborski et al., 1996). 

Synaptosomal l-methyl-4-phenylpyridinium uptake. Naive mice were 
killed, and their striata were dissected out and processed for uptake 
experiments as described previously (Przedborski et al., 1992). The 
uptake of [^H]l-methyl-4-phenylpyridinium (MPP'^) was assessed in the 
absence and presence of minocycline (concentration raging from 1 to 330 
tiM). The assay was repeated three times, each time using duplicate 
samples. 

Mouse tissue slices and lactate measurement. Striatal slices (300 p-m) 
were prepared and processed as described by Kindt et al. (1987) using 50 
/xM MPP"^ and varying concentrations of minocycline (0-333 fxM). At 
the end of the incubation (60 min; 37°C), media were collected and used 
for lactate quantification by enzymatic assay based on the formation of 
NADH, followed by 340 nm in a spectrophotometer. The assay was 
repeated three times, each time using duplicate samples. 

Statistical analysis. All values are expressed as the mean ± SEM. 
Differences between means were analyzed using a two-tail Student's t 
test. Differences among means were analyzed using one-way ANOVA, 
with time, treatment, or genotype as the independent factors. When 
ANOVA showed significant differences, pairwise comparisons between 
means were tested by Newman-Keulspoj? hoc testing. In all analyses, the 
null hypothesis was rejected at the 0.05 level. 

RESULTS 
Minocycline attenuates MPTP-induced 
dopaminergic neurodegeneration 
As illustrated in Figure IG, the numbers of SNpc TH-positive 
neurons varied significantly among the various groups of mice 
(^(9,71) = 7.045;/7 < 0.001). MPTP, 18 mg/kg for four injections 
over 8 hr, caused more than a 55% reduction in the number of 
SNpc dopaminergic neuron numbers, as evidenced by TH immu- 
nostaining (Fig. IC,G). In MPTP-treated mice, minocycline in- 
creased significantly the number of surviving SNpc TH-positive 
neurons in a dose-dependent manner (Fig. \D,G). Minocychne at 
a dose of 1.4 mg/kg twice daily had no effect on MPTP neuro- 
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Figure 1. Effect of minocycline on MPTP-induced SNpc dopaminer- 
gic neuronal death. In saline-injected control mice treated without (A) 
or with (5; 45 mg/kg twice daily) minocycline, there are numerous 
SNpc TH-positive neurons (brown; A, B). MPTP (18 mg/kg for 4 
injections) reduces the number of SNpc TH-positive neurons (C) 7 d 
after the last injection. In mice treated with both MPTP and minocy- 
cline, there is a noticeable attenuation of SNpc TH-positive neuronal 
loss (D). At a lower MPTP dosage (16 mg/kg for 4 injections), loss of 
TH-positive structures is less (E) and minocycline protection is more 
obvious (F). Scale bar, 50 fjun. Bar graph shows SNpc TH-positive 
neuronal counts (G) assessed under the various experimental condi- 
tions. Minocycline 1, 6, 11, 22, 45, Mice injected with minocycline at 
1.4, 6.1, 11.3, 22.5, and 45.0 mg/kg twice daily, "p < 0.05, fewer than 
saline-injected or minocycline-injected control mice. #p > 0.05, same 
as MPTP-injected mice. **p < 0.05, fewer than control mice but more 
than MPTP-injected mice. ##p < 0.05, more than MPTP-injected 
mice and not different from control mice. Values are means ± SEM 
(n = 6-8 per group). 
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Figure 2. Effect of minocycline on M P TP-induced striatal dopaminergic 
fiber loss. In saline-injected control mice treated without (A) or with (B; 
45 mg/kg twice daily) minocycline, there are a high density of striatal 
TH-positive fibers. MPTP (18 mg/kg for 4 injections) reduces the density 
of striatal TH-positive fibers (C) 7 d after the last injection. In mice 
treated with both MPTP and minocycline, there is also a noticeable 
striatal TH-positive fiber loss (D). At a lower MPTP dosage (16 mg/kg 
for 4 injections), loss of TH-positive structures is less (E) and minocycline 
protection is obvious (F). Scale bar, 1 mm. Bar graph shows striatal 
TH-positive optical density (G) assessed under the various experimental 
conditions (Fjssj, = 41.475; p < 0.001). *p < 0.05, fewer than saline- 
injected or minocycline-injected control mice. #p > 0.05, same as MPTP- 
injected mice. **p < 0.05, more than MPTP-injected mice but fewer than 
control mice. Values are means ± SEM (n = 6-8 per group). 

toxicity, whereas at doses of 11.25 mg/kg twice daily and higher, 
there was significant neuroprotection (Fig. IG). Even at the 
highest dose tested (45 mg/kg twice daily), minocycline was well 
tolerated and did not produce any behavioral abnormality. To test 
whether minocycline could provide complete neuroprotection, we 
examined another group of mice with less severe SNpc damage by 
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Table 1. Nitrotyrosine levels (pg/ftg protein) 

Saline Minocycline MPTP MPTP-minocycline 

Ventral midbrain                               16.2 ± 1.3 
Cerebellum                                       13.1 ± 0.8 

18.5 ± 1.7 
14.0 ± 2.1 

32.2 ± 6.0* 
13.4 ± 1.0 

21.8 ± 1.8** 

11.7 ± 1.1 

Nitrotyrosine levels are significantly different among groups in the ventral midbrain (F(3.23) = 4.56;p < 0.05) but not in cerebellum (^,3,23) = 0.618;p > 0.05). "p < 0.05, more 
than saline-injected and minocycline-injected control mice, "p < 0.05, less than MPTP-injected mice but not different from both control groups. Saline, Mice injected with 
saline; Minocycline, mice injected with minocycline only (45 mg/kg twice daily); MPTP, mice injected with MPTP only (18 mg/kg MPTP for 4 injections in one day); 
MPTP-minocycline, mice injected with both MPTP and minocycline. Values are means ± SEM (n = 6-8 per group). 

Table 2. Striatal MPTP metabolism 

MPP+ level 
Treatment MPTP only M P TP-minocycline pretreatment MPTP-minocycline post- treatment 

(xg/gm tissue 6.42 ± 0.92 5.21 ± 0.66 6.52 ± 0.59 

pH]MPP+ uptake 
Minocycline (JAM) 

% of control 
O 
100 

10 
98 ±3 

100 
96 ±3 

333 
82 ±1 

MPP*-induced lactate 
Minocycline (^M) 

^M/100 mg protein 
0 

74 ±4 
10 

71 ±6 
100 

70 ±6 
333 
67 ±6 

For MPP'^ levels, minocycline (45 mg/kg) was given either 30 min before or after MPTP administration. Values are means ± SEM of either six mice per group (MPP+ levels) 
or three independent experiments each performed in duplicate (['H]MPP+ uptake and lactate levels). None of the presented values differ significantly (p > 0.05) from MPTP 
only (MPP* levels) or from 0 ixu minocycline (['H]MPP* uptake and lactate levels). 

injecting a lower dose of MPTP (16 mg/kg for four injections). In 
mice that received MPTP only, this lower regimen reduced 
numbers of SNpc TH-positlve neurons by -30% compared with 
controls (Fig. 1E,G). Minocycline at 45 mg/kg twice daily pro- 
duced >90% protection against MPTP at 16 mg/kg for four 
injections (Fig. IF,G). 

Sparing of SNpc dopaminergic neurons does not always corre- 
late with sparing of their corresponding striatal nerve fibers 
(Liberatore et al., 1999), which is essential for maintaining dopa- 
minergic neurotransmission. To determine whether minocycline 
can prevent not only MPTP-induced loss of SNpc neurons but 
also the loss of striatal dopaminergic fibers, we assessed the 
density of TH immunoreactivity in striata from the different 
groups of mice (Fig. 2). Four injections of MPTP at 18 and 16 
mg/kg reduced striatal TH immunoreactivity compared with 
controls by 96 and 79%, respectively (Fig. 2C,E,G). Mice that 
received minocycline (45 mg/kg twice daily) and four injections 
of 18 mg/kg MPTP (Fig. 2D,G) showed no protection of striatal 
dopaminergic fibers, whereas mice that received the same dose of 
minocycline and four injections of 16 mg/kg MPTP (Fig. 2F,G) 
showed significant sparing of striatal TH-positive fibers. These 
findings indicate that minocycline protects the nigrostriatal path- 
way against the effects of the parkinsonian toxin MPTP. 

Minocycline decreases MPTP-mediated 
nitrotyrosine formation 
A significant part of the MPTP neurotoxic process is mediated by 
NO-related oxidative damage (Przedborski et al., 2000), the ex- 
tent of which can be evaluated by assessing nitrotyrosine levels 
(Liberatore et al., 1999; Pennathur et al., 1999). In saline-injected 
mice, the levels of nitrotyrosine in ventral midbrain were similar 
between non-minocycline and minocycline-treated animals (Ta- 
ble 1). In MPTP-injected mice (18 mg/kg for four injections), 
nitrotyrosine levels were significantly increased in ventral mid- 
brain (brain region containing SNpc) and unchanged in cere- 
bellum (brain region unaffected by MPTP) (Table 1). MPTP 

A Saline     Mc     MPTP   M+Mc 

MAC-1 —^ >iiiJ JLiJ' k .:■* &.. ^ t^ Ul iui' Ib^ • •''*^^ '     'W^^^    ipBI^    'l^wpw    ^^^M    ^PIIIIF ^11^^    ^^^^P    i^p^pw 

GFAP ^ '|»dl Ii««l M IMI IMI IHI 'id-hi 

r3APni-i —^ IMJ ^^ 'LaJ inM '%id LJ^ ^d htJi \^r\i    Li/l I ^       ilpMMP    ■^^^^    i^^^p    ^w^^    i^^^v    ^piH^    wp^pir    ^^m^ 
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Figure 3. Minocycline prevents MPTP-induced MAC-1 transcription. 
A, B, Ventral midbrain MAC-1 mRNA levels but not GFAP mRNA levels 
are increased by 24 hr after MPTP injection compared with those of 
saline- or minocycline-injected mice. Minocycline prevents MPTP- 
induced MAC-1 mRNA increases. MAC-1 and GFAP mRNA values are 
normalized with GAPDH. Values are mean ± SEM ratios (n = 5-7 mice 
per group). Saline, Saline-treated; Mc, minocycline-treated; MPTP, 
MPTP-treated; M + Mc, MPTP plus minocycline-treated. *p < 0.05, 
higher than both saline- and minocycline-injected control groups. **p < 
0.05, lower than MPTP-injected group and not different from both 
control groups. 
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Figure 4. Minocycline prevents MPTP-induced microglia reaction. Microglia cells {brown) and TH-positive neurons {gray blue) are seen in both SNpc 
and striatum of all mice. One day after the last MPTP injection, numerous activated microglia (larger cell body, poorly ramified short and thick 
processes) are seen in SNpc {A, B) and striatum (C, D). Mice injected with both MPTP and minocycline show minimal microglial activation in SNpc 
{£) and striatum (G); here, microglial cell bodies are small and processes are thin and ramified {F,H). Scale bar:y4, C,E, G, 1 mm; B,D,F,H, 100 ju-m. 

produced significantly smaller increases in nitrotyrosine levels 
in ventral midbrains of minocycline (45 mg/kg twice daily)- 
treated mice than in their non-minocycline-treated counter- 
parts (Table 1). This confirms that minocycline not only atten- 
uates the morphological but also the biochemical impacts of 
MPTP neurotoxicity. 

MPTP metabolism is unaffected by minocycline 
The main determining factors of MPTP neurotoxic potency are 
its conversion in the brain to MPP"*' followed by MPP"^ entry 
into dopaminergic neurons and its subsequent blockade of mito- 
chondrial respiration (Przedborski et al., 2000). To ascertain that 
resistance to the neurotoxic effects of MPTP provided by mino- 
cycline was not attributable to alterations in any of these three key 
MPTP neurotoxic steps, we measured striatal levels of MPP "^ 90 
min after injection of 18 mg/kg MPTP, striatal uptake of 
[^HjMPP"^ into synaptosomes, and striatal MPP "^-induced lac- 
tate production, a reliable marker of mitochondrial inhibition 
(Kindt et al., 1987) (Table 2). These investigations showed that 
striatal levels of MPP"^ did not differ between MPTP-injected 
mice that either received or did not receive minocycline (45 
mg/kg) 30 min after MPTP administration. In addition, minocy- 
cline up to 333 jaM (maximal solubilizing concentration) did not 
affect striatal uptake of [^H]MPP"^ or MPP "^-induced lactate 
production (Table 2). 

Minocycline Inhibits MPTP-lnduced 
microglial activation 
To determine whether neuroprotection by minocycline is associ- 
ated with inhibition of MPTP-induced glial response, we exam- 

ined the expression of MAC-1, a specific marker for microglia, 
and GFAP, a specific marker for astrocytes. As shown in Figure 
35, MAC-1 mRNA contents (f(3,23) = 4.252; jp < 0.05), but not 
GFAP mRNA contents (i^(3,i8) = 2.843; ;j > 0.05), varied signif- 
icantly among the various group of mice. In saline-injected mice, 
ventral midbrain expression of MAC-1 and GFAP mRNA was 
minimal (Fig. 3A,B). In these animals, only a few faintly immu- 
noreactive resting microglia and astrocytes were observed in 
SNpc and striatum by immunostaining (data no shown). In 
MPTP-injected mice (18 mg/kg for four injections) without treat- 
ment with minocycline, ventral midbrain expression of MAC-1 
mRNA was significantly higher, whereas expression of GFAP 
mRNA, although also higher, was not significantly increased 
compared with saline controls (Fig. 3). Morphologically, numer- 
ous robustly immunoreactive MAC-1-positive activated micro- 
glia were observed 24 hr after the last injection of the toxin (Fig. 
4A-D). Although GFAP immunostaining appeared somewhat 
increased at 24 hr after the last MPTP injection (Fig. 5A,B), the 
strongest GFAP reaction was noted 7 d after the last injection of 
MPTP (Fig. 5C/)). Conversely, in MPTP-injected mice treated 
with minocycline (45 mg/kg twice daily), ventral midbrain 
MAC-1 mRNA contents (Fig. 3) and SNpc and striatal immuno- 
staining were similar to those seen in saline-injected mice (Fig. 
4E-H). In contrast, in MPTP-injected minocycline-treated mice, 
ventral midbrain GFAP mRNA content (Fig. 3) and SNpc immu- 
nostaining (Fig. 5E,F) were almost as high and as intense as in 
MPTP-only mice. Staining with Isolectin B-4 (Sigma), another 
marker for microglia, gave results similar to that of MAC-1 (data 
not shown). 
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t/l" 

Figure 5. Minocycline does not affect MPTP-induced astrocytic reac- 
tion. One day after the last injection of MPTP, there is a mild astrocytic 
response (A, B), but 7 d after the last injection of MPTP, it becomes 
conspicuous (C, D). Minocycline does not affect the astrocytic response 
(£, F) 7 d after MPTP administration. Scale bar: /I, C, E, 1 mm; B, D, F, 
100 ;xm. 

Minocycline prevents the production of 
microglial-derived deleterious mediators 
Given the effect of minocycline on MPTP-induced microglial 
activation, we assessed whetlier the production of known mi- 
croghal noxious mediators such as IL-1|3, ROS, and NO will 
also be inhibited by minocycline (Fig. 6). The levels of ventral 
midbrain IL-1|3 differed significantly among the four group of 
mice (F(3,2i) = 7.946;/? < 0.001) (Fig. 6A). Ventral midbrain 
levels of the proinflammatory cytokine IL-1|3 in MPTP- 
injected mice (18 mg/kg for four injections) were significantly 
increased (Fig. 6A). However, MPTP produced significantly 
smaller increases in IL-1|3 levels in ventral midbrain of MPTP 
mice treated with minocycline (45 mg/kg twice daily) (Fig. 
6A). iNOS activity (7^(3.24) = 9.055;/? < 0.001) and the ratio of 
membrane/total p67''''"'' (^(3,23) = 4.336;/? < 0.05) also varied 
significantly among the various groups. iNOS and NADPH- 
oxidase, two prominent enzymes of activated microglia that 
produce NO and ROS, respectively, exhibited induction pat- 
terns similar to those described for IL-l^ in that ventral 
midbrain iNOS activity was increased by 200% (Fig. 65) and 

NADPH-oxidase activation, evidenced by the translocation of 
its subunit p67P''°'' from the cytosol to the plasma membrane, 
was increased by 80% 24 hr after the last injection of MPTP 
(Fig. 6C,D). MPTP-induced iNOS activity and NADPH- 
oxidase were both abolished by minocycline administration 
(Fig. 6B-D). 

Minocycline confers resistance to MPTP beyond 
iNOS ablation 
Previously, it has been demonstrated that iNOS ablation attenu- 
ates MPTP neurotoxicity (Liberatore et al., 1999; Dehmer et al., 
2000). Thus, to demonstrate whether minocycline-mediated 
blockade of microglial activation protects solely because it inhib- 
its iNOS induction, we compared the effect of MPTP (16 mg/kg 
for four injections) on the network of striatal dopaminergic nerve 
fibers between mutant iNOS-deficient mice that received or did 
not receive minocycline (45 mg/kg twice daily). As shown in 
Figure 7, MPTP administration reduced by >80% the'striatal 
density of TH-positive fibers both in wild-type and iNOS'^'" 
mice; this is consistent with our previous data that ablation of 
iNOS protects against MPTP-induced SNpc dopaminergic neu- 
ronal loss but not against MPTP-induced striatal dopaminergic 
fiber destruction (Liberatore et al., 1999). In contrast, striatal 
TH-positive fiber densities were more than twofold higher in ' 
MPTP-treated wild-type and iNOS "'" mice that received mino- 
cycline compared with those that did not receive minocycline 
(Fig. 7). However, there was no difference in the magnitude of the 
minocycline beneficial effect between MPTP-treated iNOS"'" 
mice and their MPTP-treated wild-type counterparts (Fig. 7). 

DISCUSSION 
The main finding of this study is that inhibition of microghal 
activation by minocycline protects the nigrostriatal dopaminergic 
pathway against the noxious effects of the parkinsonian toxin 
MPTP. In mice that received minocycline, MPTP caused signif- 
icantly less neuronal death in the SNpc, as evidenced by the 
greater number of TH-positive neurons, compared with those 
that received MPTP only (Fig. 1). Although less prominent, a 
similar observation was made for striatal dopaminergic nerve 
terminals (Fig. 2). The magnitude of resistance to MPTP in mice 
appears to result from a balance between the dose of minocycline 
and the dose of MPTP (Fig. 1), with the greatest neuroprotection 
observed in mice that received >11.25 mg/kg minocychne twice 
daily and MPTP at 16 mg/kg four times in 1 d and the least 
neuroprotection in mice that received the regimen of minocycline 
at 6.1 mg/kg twice daily and MPTP at 18 mg/kg four times in 1 d. 
In our study, minocycline was given twice daily beginning on the 
day of MPTP administration and continuing through 4 d there- 
after because of its long half-life (>12 hr) and because we showed 
that, with this MPTP regimen, nigrostriatal degeneration occurs 
during the first 4 d after the last injection of MPTP (Jackson- 
Lewis et al., 1995). Therefore, we cannot exclude that greater 
protection could have been achieved if minocycline had been 
administered more frequently or for a longer period of time. 
Also, because we focused our assessment of nigrostriatal neuro- 
degeneration at 7 d after MPTP administration, we cannot ex- 
clude with certainty that minocychne had delayed rather than 
prevented neuronal death. However, in light of what we know 
about how minocycline presumably mitigates cellular damage in a 
variety of experimental models (Tikka and Koistinaho, 2001; 
Tikka et al., 2001a), the aforementioned possibility appears un- 
likely. In addition, we did not pretreat mice with minocycline 
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Figure 6. Effects of MPTP and minocycline on microglial-derived deleterious factors IL-ip (A), iNOS (S), and NADPH-oxidase (C, D). MPTP (18 
mg/kg for 4 injections) increases ventral midbrain mature IL-1(3 formation, iNOS catalytic activity, and NADPH-oxidase activation, as evidenced by 
the translocation of its subunit p67P''°'' from the cytosol to the plasma membrane, 1 d after the last injection of MPTP. Minocycline (45 mg/kg twice 
daily) attenuates MPTP-related effects on mature IL-1^, iNOS, and NADPH-oxidase. Saline, Saline-treated; Mc, minocycline-treated; M, MPTP- 
treated; M+Mc, MPTP plus minocycline-treated. "p < 0.05, more than saline-injected or minocycline-injected control mice. **p < 0.05, less than 
MPTP-injected mice but not different from both control groups. Values are means ± SEM {n = 5-8 mice per group). 

because we found that administration of minocycline before 
MPTP injection reduces striatal MPP"^ levels by 20% (Table 2), 
which could complicate the interpretation of minocycline neuro- 
protection. Indeed, it is established that striatal contents of 
MPP"*^ correlate linearly with magnitudes of MPTP toxicity 
(Giovanni et al., 1991). Thus, to avoid this potential confounding 
factor in our study, all mice were injected first with MPTP and 
then with minocycline, which we found not to affect striatal 
MPP"^ levels (Table 2). Along this line, it is also worth mention- 
ing that minocycline, as used here, not only failed to alter MPP "^ 
levels but also failed to interfere with other key aspects of MPTP 
metabolism (Przedborski et al, 2000), such as entry of MPP"*^ 
into dopaminergic neurons and inhibition of mitochondrial res- 
piration at concentrations as high as 333 ;aM (Table 2). 

Nitrotyrosine is a fingerprint of NO-derived modification of 
protein and has been documented as one of the main markers of 
oxidative damage mediated by MPTP (Schulz et al, 1995; Ara et 
al., 1998; Liberatore et al., 1999; Pennathur et al., 1999; Przed- 
borski et al, 2001a). Consistent with our previous studies (Lib- 
eratore et al., 1999; Pennathur et al., 1999), nitrotyrosine levels 
increased substantially in brain regions affected by MPTP, such 
as ventral midbrain, but not in brain regions unaffected by 
MPTP, such as cerebellum (Table 1). As with the loss of SNpc 
neurons and striatal fibers, minocycline dramatically attenuated 
ventral midbrain increases in nitrotyrosine levels (Table 1). Col- 
lectively, our data demonstrate that minocycline protects against 
morphological as well as biochemical abnormalities that arise 
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Figure 7. Minocycline attenuates MPTP-induced striatal damage by 
inhibiting microglia but not just by inhibiting iNOS. The optical 
density of striatal TH-positive fibers varied significantly among the 
various groups (^^(7,47) = 83.576; p < 0.001). Minocycline, Mice injected 
with minocycline 45 mg/kg twice daily. MPTP, Mice injected with 
MPTP (4 injections of 16 mg/kg). *p < 0.05, fewer than saline-injected 
or minocycline-injected control mice. #p < 0.05, fewer than control 
mice but no different than wild-type mice injected with MPTP. **p < 
0.05, fewer than control but more than MPTP-injected mice. # #p < 
0.05, more than MPTP-injected mice but no different from wild-type 
mice injected with both MPTP and minocycline. 
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from MPTP insult. That said, we now need to consider the nature 
of the mechanism underlying the beneficial effects of minocycline 
on MPTP neurotoxicity. 

Previously, we demonstrated that, aside from a dramatic loss of 
dopaminergic neurons, gliosis is a striking neuropathological fea- 
ture in the SNpc and the striatum in the MPTP mouse model as 
in PD (Liberatore et al., 1999). However, activated microglia 
appear in the SNpc earlier than reactive astrocytes (Liberatore et 
al., 1999) and at a time when only minimal neuronal death occurs 
(Jackson-Lewis et al., 1995). This supports the contention that 
the microglial response to MPTP arises early enough in the 
neurodegenerative process to contribute to the demise of SNpc 
dopaminergic neurons. Consistent with this is the demonstration 
that direct injection of the known microglial activator lipopoly- 
saccharide into the rat SNpc causes a strong microglial response 
associated with significant dopaminergic neuronal death (Cas- 
tano et al, 1998; Herrera et al., 2000; Kim et al, 2000). Given 
these data, the key to the minocycline neuroprotective effect in 
the MPTP mouse model may lie in the second main finding of our 
study, which is that minocycline prevented MPTP-induced mi- 
croglial response in both the SNpc and the striatum (Figs. 3,4). In 
contrast, minocycline did not alter MPTP-related astrocytic re- 
sponse (Fig. 5). These results suggest that minocycline acts on 
microglia specifically and not on all components of gliosis. Our 
data also support the view that reduction of MPTP-related mi- 
croglial response seen after minocycline administration is not 
secondary to the attenuation of neuronal loss but rather the 
reverse. This interpretation does not rule out, however, that at 
least some of the neuroprotection of minocycline against MPTP 
is attributable to a direct action on neurons as suggested previ- 
ously (Tikka et al, 2001b). 

Inhibition of microglial activation using minocycline has also 
been demonstrated in vitro (Tikka et al., 2001b) and in other 
experimental models of acute and chronic brain insults (Yrjan- 
heikki et al., 1998,1999; Tikka and Koistinaho, 2001; Tikka et al., 
2001a) and results, presumably, from the blockade of p38 
mitogen-activated protein kinase (Tikka et al, 2001a). It is be- 
lieved that activated microglia exerts cytotoxic effects in the brain 
through two very different and yet complementary processes 
(Banati et al., 1993). First, they can act as phagocytes, which 
involve direct cell-to-cell contact. Second, they are capable of 
releasing a large variety of potentially noxious substances (Banati 
et al., 1993). Consistent with the notion that minocycline inhibits 
the ability of microglia to respond to injury, we show that mino- 
cycline not only prevents the microglial morphological response 
to MPTP but also the microglial production of cytotoxic media- 
tors such as IL-lj3 and the induction of critical ROS- and NO- 
producing enzymes such as NADPH-oxidase and iNOS (Fig. 6). 
Although we did not test this, it is quite relevant to mention that 
minocycline may also prevent the induction of cyclooxygenase-2, 
a key enzyme in the production of potent proinflammatory pro- 
stanoids, either directly or indirectly via the blockade of IL-1/3 
formation (Yrjanheikki et al., 1999). Little is known about the 
actual role of IL-l/B in either MPTP or PD neurodegenerative 
process, except that IL-1^ immunoreactivity is found in glial cells 
from postmortem PD SNpc samples (Hunot et al., 1999) and that 
blockade of interleukin converting enzyme, the known activator 
of IL-1|3, attenuates MPTP-induced neurodegeneration in mice 
(Klevenyi et al., 1999). As for ROS, oxidative stress is a promi- 
nent pathogenic hypothesis in both MPTP and PD (Przedborski 
and Jackson-Lewis, 2000). However, many of the microglial- 
derived ROS, such as superoxide, cannot readily transverse cel- 

lular membranes (Halliwell and Gutteridge, 1991), making it' 
unlikely that these extracellular reactive species gain access to 
dopaminergic neurons and trigger intraneuronal toxic events. 
Alternatively, superoxide can react with NO in the extracellular 
space to form the highly reactive tissue-damaging species per- 
oxynitrite, which can cross the cell membrane and injure neurons. 
Therefore, microglial-derived superoxide, by contributing to per- 
oxynitrite formation, may be significant in this model. As for NO 
in both MPTP and PD, the pivotal pathogenic role for microglial- 
derived NO is supported by the demonstration that ablation of 
iNOS attenuates SNpc dopaminergic neuronal death (Liberatore 
et al., 1999; Dehmer et al., 2000) and the production of ventral 
midbrain nitrotyrosine after MPTP administration (Liberatore 
et al., 1999). In this context, it is worth mentioning that minocy- 
cline, which protects in global brain ischemia (Yrjanheikki et al., 
1998) and in a mouse model of Huntington's disease (Chen et al., 
2000), appears to do so by abating iNOS expression and activity. 
Remarkably, iNOS ablation does protect SNpc neurons from 
MPTP toxicity but does not protect striatal nerve terminals and 
does not prevent microglial activation (Liberatore et al, 1999). 
This is in striking contrast to the effect of minocycline treatment, 
which protects both dopaminergic cell bodies and nerve fibers and 
inhibits the entire microglial response. This strongly suggests that 
microglial-associated deleterious factors other than iNOS are 
involved in the demise of the nigrostriatal pathway in the MPTP 
mouse model of PD and possibly in PD itself. Consistent with this 
interpretation are our data in iNOS ''" mice (Fig. 7), which show 
that minocycline protects striatal dopaminergic fibers regardless 
of the presence or absence of iNOS expression. Therefore, our 
study provides strong support to the idea that activated microglia 
are important contributors to the overall demise of SNpc dopa- 
minergic neurons in the MPTP mouse model of PD and, possi- 
bility, in PD itself. It also suggests that therapeutic interventions 
aimed at preventing the loss of striatal dopaminergic fibers, which 
is essential to maintaining dopaminergic neurotransmission, must 
target microglial-derived factors other than iNOS. 
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Parkinson's disease (PD) is a neurodegenerative disorder of uncertain 
pathogenesis characterized by the loss of the nigrostriatal dopami- 
nergic neurons, which can be modeled by the neurotoxin l-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Increased expression of 
cydooxygenase type 2 (COX-2) and production of prostaglandin Ez 
have been implicated in neurodegeneration in several pathological 
settings. Here we show that COX-2, the rate-limiting enzyme in 
prostaglandin E2 synthesis, is up-regulated in brain dopaminergic 
neurons of both PD and MPTP mice. COX-2 induction occurs through 
a JNK/c-Jun-dependent mechanism after MPTP administration. We 
demonstrate that targeting COX-2 does not protect against MPTP- 
induced dopaminergic neurodegeneration by mitigating inflamma- 
tion. Instead, we provide evidence that COX-2 inhibition prevents the 
formertion of the oxidant species dopamine-quinone, which has been 
implicated in the pathogenesb of PD. This study supports a critical role 
for COX-2 in both the pathogenesis and selectivrty of the PD neuro- 
degenerative process. Because of the safety record of the COX-2 
inhibitors, and their ability to penetrate the blood-brain barrier, 
these drugs may be therapies for PD. 

Parkinson's disease (PD) is a common neurodegenerative 
disease characterized by disabling motor abnormalities, 

which include tremor, muscle stiffness, paucity of voluntary 
movements, and postural instability (1). Its main neuropatho- 
logical feature is the loss of the nigrostriatal dopamine- 
containing neurons, whose cell bodies are in the substantia nigra 
pars compacta (SNpc) and nerve terminals in the striatum (2). 
Except for a handful of inherited cases related to known gene 
defects, PD is a sporadic condition of unknown pathogenesis (1). 

Epidemiological studies suggest that inflammation increases the risk 
of developing a neurodegenerative condition such as AMieimer's 
disease (3). In keeping with this suggestion, inflammatory processes 
associated with increased egression of the enzyme qdooxygenase 
type 2 ((X)X-2) and elevated levels of prostaglandin E2 {PGE2) have 
been implicated in the cascade of deleterious events leading to neuro- 
degeneration in a variety of pathological settings (4-6). CDX converts 
arachidonic add to PGH2, the precursor of PGE2 and several other 
prostanoids, and exists in eukaryotic cells in two main isoforms: COX-1, 
which is constitutive^ expressed in many cell types; and CDX-2, whidi 
is normalfy not present in most cells, but whose expression can readily 
be induced in inflamed tfesues (7). Although both isoforms synthesize 
PGH2, CX)X-1 is primarify invdved in tiie production of prostanoids 
relevant to physiological processes, whereas CiOX-2 is mainly reqx)n- 
sible for the production of prostanoids linked to pathological events (7). 

In this stucfy, we asked whether PD is associated with COX-2 
up-regulation, and, if so, whether COX-2 expression contributes to 
the PD neurodegenerative process. We found that COX-2 expres- 
sion is induced spedficalfy within SNpc dopaminergic neurons in 
postmortem PD specimens and in the l-metlqfl-4-pheiQd-l,23,6- 
tertrahydropyridine (MPTP) mouse model of PD during the de- 
struction of the nigrostriatal pathway. We also show that COX-2 
induction occurs through a JNK/c-Jun-dependent mechanism and 
that COX-2 ablation and inhibition attenuate MPTP-induced 
nigrostriatal dopaminergic neurodegeneration, not by curtailing 

inflammation, but possibly by mitigating oxidative damage. These 
findings provide compelling evidence that COX-2 is invoked in the 
pathogenesis of PD and suggest a potentiial mechanism for the 
selectivity of neuronal loss in this disease. 

Materials and Methods 
Animals and Treatments. Wild-type mice were 8-week-old C57/ 
BL/6 specimens (Charles River Breeding Laboratories). Plgsl''- 
mice deficient in COX-1 (B6;129P2-Ptgsl'"i), ptgs2-'- mice defi- 
cient in COX-2 (B6;129P2-Ptgs2*^i), ^^ ^jjeir respective wild-type 
littermates were obtained from Taconic Farms. Genotyping was 
performed by PCR (8). For each study, 4-10 mice per group 
received four i.p. injections of MPTP-HQ (20 mg/kg free base; 
Sigma) dissolved in saline, 2 h apart in one day, and were killed at 
selected times ranging from 0 to 7 days after the last injection. 
Control mice received saline only. MPTP handling and safety 
measures were in accordance with our published guidelines (9). 
Rofecoxib (12.5-50 mg per kg per day; a gift from Merck Frosst 
Labs, Pointe Claire, PQ, Canada) was given to mice by gavage for 
5 days before and after MPTP-injection. Control mice received 
vehicle only. This regimen was well tolerated and yielded 0.40 ± 
0.06 ng of rofecoxib per mg of tissue (mean ± SEM for five mice) 
2 h after the last gavage (measurements were kindly performed by 
Pauline Luk from Merck Frosst by HPLC with UV detection). 
Rofecoxib inhibited MPTP-induced PGE2 production in a dose- 
dependent maimer and did not affect striatal l-methyl-4-phenyl- 
pyridinium (MPP+) levels in mice (see Tables 2 and 3, which are 
published as supporting information on the PNAS web site, wvw. 
pnas.org). JNK pathway inhibitor CEP-11004 (1 mg/kg; gift from 
Cephalon, West Qiester, PA) was given to mice by s.c. injections 1 
day before and 6 days after MPTP-injection as described (10); 
CEP-11004 did not affect striatal MPP+ levels in mice (see Table 
3). Control mice received the vehicle only. This protocol was in 
accordance with National Institutes of Health guidelines for the use 
of live animals and was approved by the Institutional Animal Care 
and Use Committee of Columbia University. 

RNA Extraction and RT-PCR. Total RNA was extracted from se- 
lected mouse brain regions as described (11). The primer 
sequences for COX-1, COX-2, EUp-converting enzyme (ICE), 
the 91-kDa subunit of NADPH oxidase (gp91), macrophage 
antigen complex-1 (MAC-1), inducible nitric oxide synthase 
(iNOS), and GAPDH can be found in refs. 4 and 11. All products 
were quantified by a phosphorimager (Bio-Rad) or a FluorChem 
8800 digital image system (Alpha Innotech, San Leandro, CA). 

This paper was submitted directly (Track II) to the PNAS office. 
Abbreviations: PD, Parkinson's disease; MfTT, 1-methyH-phenyl-1,2,3,6-tetrahydropyri- 
dine; PG, prostaglandin; COX, cydooxygenase; SNpc substantia nigra pars compacta; 
MPP+,1-methyl-4-phenylpyrcdinium; MAC-1, macrophage antigen complex-1;TH,1yrosine 
hydraxylase; ICE, IL-ip converting enzyme; iNOS, indudble NO synthase. 

To whom correspondence should be addressed at Departments of Neurology and Pa- 
thology, BB-307, Columbia University, 650 West 168th Street, New York, NY 10032. E-mail: 
sp30@columbia.edu. 

vvww.pnas.org/cgi/doi/10.1073/pnas.0837397100 PNAS   I   April 29,2003   |   vol.100   |   no. 9   |   5473-5478 



Immunoblots. Mouse and human brain protein extracts were 
prepared as described (4); for phosphorylated c-Jun analysis, 
isolating mixture also contained 50 mM NaF and 1 mM Na3V04. 
Western blot analyses were performed as described (4). Primary 
antibodies used were as follows: COX-2 (1:250; Transduction 
Laboratories, Lexington, KY), COX-1 (1:250; Santa Cruz Bio- 
technology), phosphorylated c-Jun (1:200; Cell Signaling, Bev- 
erly, MA), total c-Jun (1:200; Santa Cruz Biotechnology), or 
j3-actin (1:10,000; Sigma). A horseradish-peroxidase-conjugated 
secondary antibody (1:500-1:25,000; Amersham Pharmacia) 
and a chemiluminescent substrate (SuperSignal Ultra; Pierce) 
were used for detection. Bands were quantified by using a 
FluorChem 8800 digital image system (Alpha Innotech). 

PGE2 lissue Content PGE2 content was assessed in mouse and 
human tissues by a commercially available high sensitivity chemi- 
luminescence enzyme immunoassay (EIA) kit (4) from Cayman 
Chemical, Ann Arbor, MI, according to the manufacturer's 
instructions. 

COX-2, Tyroslne Hydroxylase (TH), dial Fibrillary Acidic Protein (GFAP), 
and MAC-1 Immunohistochemistry. These were all performed ac- 
cording to our standard protocol for single or double immuno- 
staining (11). Primary antibodies were COX-1 (1:100; Santa 
Cruz Biotechnology), COX-2 (1:250; gift from W. L. Smith, 
Michigan State University, East Lansing), TH (1:500; Chemi- 
con), GFAP (1:500; Chemicon), and MAC-1 (1:1,000; Serotec). 
Immunostaining was visualized by 3,3'-diaminobenzidine with 
or without nickel enhancement or by f luorescein and Texas red 
(Vector Laboratories) and was examined by either regular light 
or confocal microscopy. 

TH immunostaining was carried out on striatal and midbrain 
sections (11) and the TH- and Nissl-stained SNpc neurons were 
counted by stereology using the optical fractionator method 
described (11). The striatal density of TH immunoreactivity was 
determined as described (11). 

Measurement of Protein-Bound 5-Cysteinyl-dopamine. Quantifica- 
tion of protein-bound 5-cysteinyl-dopamine was achieved by 
HPLC with electrochemical detection (12) using mouse brain 
extracts at 2 and 4 days after MPTP injections. 

iWnrP Metabolism. Striatal MPP* levels were determined by 
HPLC-UV detection (wavelength, 295 nm; ref. 11) 90 min after 
the fourth i.p. injection of 20 mg/kg MPTP. Synaptosomal 
uptake of pH]MPP+ was performed as before (11) in P^2+'+ 
and Ptgs2~'^ Uttermates. 

Human Samples. Human samples were obtained from the Parkinson 
brain bank at Columbia University. Selected PD and controls 
samples were matched for age at death and interval from death to 
tissue processing (see Supporting Text, which is published as sup- 
porting information on the PNAS web site, for details). 

Statistical Analysis. All values are expressed as the mean ± SEM. 
Differences among means were analyzed by using one- or 
two-way ANOVA with time, treatment, or genotype as the 
independent factor. When ANOVA showed significant differ- 
ences, pairwise comparisons between means were tested by 
Newman-Keuls post hoc testing. In all analyses, the null hypoth- 
esis was rejected at the 0.05 level. 

Results 
MPTP Induces COX-2 Expression and Activity in Mouse Ventral Mid- 
brain. To determine viiiether the expresston of COX isoforms is 
affected during the nigrostriatal neurodegeneration, we assessed the 
contents of COX-1 and COX-2 mRNA and protein in ventral mid- 
brains (the brain region that contains the SNpc) of saline- and MPTP- 
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Fig. 1. Ventral midbrain COX-1 and COX-2 mRNA and protein expression 
after MPTP. COX-2 mRNA levels are increased by 4 days after MPTP injection 
(A) compared with controls (O. and almost return to basal levels by 7 days. 
COX-2 protein contents are minimal in saline-injected mice (sal) (D) but rise in 
a time-dependent manner after MPTP injection (f). COX-1 expression is not 
altered by MPTP (A, B, D, and f). Ventral midbrain PGE2 levels are also 
increased 4 days after MPTP (G). Data are mean ± SEM for four to six mice per 
group. *, P< 0.05, compared with saline (Newman-Keuls post hoc test). 

injected mice, at different time points. Ventral midbrain CX)X-1 
rrikNA and protein were detected in saline-treated mice and their 
contents were not significantly changed by MPTP administration (Fig. 
1 A, B, D, and E); there was a deaease of (X)X-1 mRNA (but not of 
protein) at 2 and 4 d^ afler MPTP administration, suggesting a 
transient reduction in CX)X-1 traiBcription because of the toxic iiKult 
In contrast, ventral midbrain CX)X-2 mRNA and protein were almost 
undetectable in saline-treated mice (Fig. 1 A, C, D, and F), but were 
detected in MPTP-treated mice at 24 h after injections and thereafter 
(Fig. 1 A, C, D, andF). To determine whether MPTP-related COX-2 
up-regulation paralleled an increase of its enzymatic activity, we 
quantified tissue contents of PGE2. Ventral midbrain PGE2 is 
detectable in saline-injected mice, and, as shown by the use of 
P^2~'~ and Plgsl^'^ mice, derives primarily from CX)X-1 (see 
Table 2). Ventral midbrain PGE2 contents rose during MPTP 
neurotoxicity, coinddentally to the changes in COX-2 expression 
(Fig. IG). Although whole-tissue PGE2 deriving from COX-2 
almost doubles after MPTP, ^^65% still originates from COX-1 
(see Table 2). Unlike in venh^ midbrain, levels of COX-2 mRNA, 
proteins, and catalytic activity in cerebellimi (brain region unaf- 
fected by MPTP) and striatum were unaffected by MPTP admin- 
istration (data not shown). Thus, COX-2, but not CX)X-1, is 
up-regulated in the MPTP mouse model. 

COX-2-Specific Induction in SNpc Dopaminergic Neurons After MPTP 
Administration. To elucidate the cellular origin of COX-2 up- 
regulation in the ventral midbrain of MPTP-treated mice, we 
performed immunohistochemistry. In saline controls, faint CXDX-2 
immunoreactivity was seen in the neuropil (Fig. 2 A and B). In 
MPTP-treated mice, at 2 and 4 days after the last injection, ventral 
midbrain COX-2 immimostaining of the neuropil vras increased 
and several COX-2-positive cells with a neuronal morphology were 
seen in the SNpc (Fig. 2 C and D). COX-2-positive neurons showed 
immunoreactivity over the cytoplasmic and nuclear areas (Fig. 2D), 
which is consistent with the known subcelhilar localization of this 
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UomA in B). Conversely, COX-2-positive cells are abundant after MPTP (Cand 
enlarged /nsetfrom Cin D, arrow). Double immunofluorescence confirms that 
COX-2 (green) is highly expressed in TH-positive neurons (red; E-G) and not in 
MAC-1-positive cells (H-7; red) or GFAP-positive cells {K-M, red). [Scale bars, 
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enzyme (13). By double immunofluorescence, we found that ven- 
tral midbrain COX-2-positive cells were indeed neurons, among 
which almost all were dopaminergic (Fig. 2 E-G). COX-2 inunu- 
nofhiorescence did not colocalize with the microglial marker 
MAC-1 (Fig. 2 H-J), or with the astrocytic marker GFAP (Fig. 2 
K-M). No difference in COX-2 immunoreactivity was observed in 
the striatum between saline- and MPTP-treated mice (data not 
shown). These data demonstrate that COX-2 is primarily up- 
regalated in ventral midbrain dopaminergic neurons during MPTP 
neurotoxidty. 

COX-2 Up-Regulation in Postmortem Ventral Midbrain Samples from 
PD. To assess whether the changes in COX-2 seen after MPTP were 
present in PD, we assessed COX-2 protein and PGEz contents in 
postmortem SNpc samples. Consistent with the MPTP findings, PD 
samples had significantly higher contents of COX-2 protein and 
PGE2 than normal controls (Fig. "iA and B). As in the mice, no 
significant change in PGE2 content was seen in the striatum of PD 
patients (data not shown). Histologically, celhilar COX-2 immu- 
noreactivity was not identified in a normal control (Fig. 3 C andD), 
but it was in PD midbrain sections, where it was essentially found 
in SNpc neuromelanized neurons (Fig. 3 E-G). Within these 
dopaminergic neurons, COX-2 immunostaining was seen in cytosol 
and in the typical intraneuronal proteinadous inclusions, Lewy 
bodies (Fig. 3G). The similarity of the COX-2 alterations between 
the MPTP mice and the PD postmortem specimens strengthens the 
value of using this experimental model to study the role of COX-2 
in the PD neurodegenerative process. 

Ablation of COX-2 IMrtigates MPTP-lnduced Neurodegeneration. In 
light of the MPTP- and PD-induced SNpc COX-2 up-regulation, 

Fig. 3. Ventral midbrain COX-2 expression is minimal in normal human 
specimens but is increased 3-fold in PD samples (A). Ventral midbrain PGE2 
levels are also increased in PD (fl). COX-2 (blue) is not detected in neuromela- 
nized (brown) dopaminergic neurons in controls (Cand D) but is well detected 
in PD {E-G). COX-2 immunostaining if; arroW) is visible in cells with neuromela- 
nin (F, arrowhead). COX-2 immunostaining is found in the core of a Lewy body 
(G; arrowhead). Data are mean ± SEM for 3-6 samples for COX-2 protein and 
11 samples for PGE2 assessment. *, P < 0.05, compared with normal controls 
(Newman-Keuls posthoc test). (Scale bar, 25 /im.) 

we asked whether this enzyme is implicated in the nigrostriatal 
degeneration seen in these two pathological situations. Therefore, 
we compared the effects of MPTP in Ptgs2-'-, P^2-^'-, and 
Ptgs2'^''*' mice. Stereological coxmts of SNpc dopaminergic neurons 
defined by TH and Nissl staining did not differ among the three 
genotypes after saline injections (Fig. A A andB and Table 1). SNpc 
dopaminergic neuron numbers were reduced in all three genotypes 
after MPTP injections (Fig. A A and B and Table 1). However, in 
P^2~'~ mice, and to a lesser extent in Pt^2*'~ mice, significantly 
more TH- and Nissl-stained SNpc neurons survived MPTP ad- 
ministration than laP^l*''^ mice (Fig. AC and Table 1). In the 
striatum, the density of TH-positive fibers was decreased to 16% of 
saline vahies in MPTP-treated Plgs2-^'* and to 21% in Pl^2^'- 
mice, but onfy to 63% in Ptgs2~'~ mice (Table 1). In contrast to the 
lack of COX-2, the lack of COX-1 did not decrease MPTP 
neurotoxidty: Ptgsl-'- mice [saline = 8,640 ± 725, MPTP = 
4,247 ± 554 (mean ± SEM for three to ei^t mice per group)] and 
Pi^l'-i* littermates (saline = 8,577 ± 334, MPTP = 5,274 ± 147; 
P > 0.05, between MPTP-treated groups, Newman-Keuls posthoc 
test). Thus, COX-2, but not COX-1, partidpates in the MPTP 
neurotoxic process affecting dopaminergic cell bodies in the SNpc 
and nerve fibers in the striatum. 

MPTP-lnduced Toxicity Requires COX-2 Catalytic Activity. In the 
absence of catalytic activity, COX-2 can still exert deleterious 
effects in transfected cells (14). To test whether a similar 
situation occurs in vivo in the demise of dopaminergic neurons 
mediated by MPTP, nigrostriatal degeneration was assessed in 
regular mice injected with this neurotoxin and treated with the 
selective COX-2 inhibitor rofecoxib. The selected regimens of 
rofecoxib did not cause any distress in the animals (see Materials 
and Methods for details) or any alteration in MPTP metabolism 
(see below), and afforded meaningful brain accumulation (see 
Materials and Methods for details). At both 25 and 50 mg/kg, 
rofecoxib completely blocked ventral midbrain COX-2-derived 
PGE2 production (see Table 2). In mice injected with MPTP that 
received either 25 or 50 mg/kg rofecoxib, •=74% and 88%, 
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Fig. 4. Effect of COX-2 ablation and JNK pathway inhibition on IVIPTP- 
induced neuronal loss. TH-positive neuronal counts are shown in Table 1 and 
appear comparable between saline-injected Ptgs2~'- and Ptgs2*'* mice (A 
and fl and Table 1). SNpc TH-positive neurons are more resistant to MPTP in 
Ptgs2-'- (D) than in Ptgs2*'* (O mice, 7 days after MPTP injection. CEP-11004 
protects Ptgs2*'* mice against MPTP neurotoxicity (E). Treatment of Ptgs2-'- 
mice with CEP-11004 does not enhance protection against MPTP (f and Table 
1). (G) Ventral midbrain MPTP-induced c-Jun phosphorylation (p-c-Jun) inhi- 
bition by 1 mg/kg CEP-11004. (H) Ventral midbrain MPTP-induced COX-2 
up-regulation is also inhibited by 1 mg/kg CEP-11004. Data are mean ± SEM 
for three to six mice per group. *,P< 0.05, compared with the other three 
groups (Newman-Keuls posthoc test). (Scale bar, 250 /im.) 

respectively, of SNpc TH-positive neurons survived, compared 
with 41% in mice injected with MPTP only (Fig. 5 C-G). 
Similarly, both doses of rofecoxib attenuated the loss of TH- 
positive fibers caused by MPTP (Fig. 5H) in a dose-dependent 
manner, although this beneficial effect was less profound than 
was seen with COX-2 ablation (Table 1). These findings dem- 
onstrate how crucial the enzymatic function of COX-2 is to its 
neurotoxic effects on at least SNpc dopaminergic neurons. 

JNK Activation Controls COX-2 Induction During MPTP-induced Death. 
Stress-activated protein kinase JNK can regulate COX-2 transcrip- 
tion in mammalian cells (15). We therefore investigated whether 
MPTP-induced COX-2 up-regulation is a JNK-dependent event 
After MPTP administration to mice there was a robust ventral 
midbrain activation of JNK, as evidenced by c-Jun phosphorylation 
(Fig. 4G) and, as shown above, a marked up-regulation of COX-2 
(Fig. 4H). Conversely, in mice in which JNK activation was blocked 
by 1 mg/kg CEP-11004, MPTP caused almost no c-Jun phosphor- 
ylation and no COX-2 up-regulation (Fig. 4 G and /i), thus 

-   -   +  +  + 
25 60   0   25 50 

Fig. 5. TH-positive neurons and striata! fibers are more resistantto MPTP in 
mice treated with rofecoxib (25 or 50 mg/kg p.o.; D and f) than in mice 
receiving vehicle (B), 7 days after MPTP injection (SNpc neuronal counts are 
shown in G and striatal fiber optical density is shown in H). Rofecoxib by itself 
has no effect on TH-positive neurons (4, C, and £). Data are mean ± SEM for 
three tosixmice per group. *,P< 0.05, compared with saline-treated controls; 
#, P < 0.05, compared with rofecoxib-treated MPTP animals (Newman-Keuls 
posthoc test). (Scale bar, 250 /un.) 

demonstrating the critical role of the JNK/c-Jun pathway in MPTP- 
mediated COX-2 induction. 

Administration of CEP-11004 at 1 mg/kg decreased MPTP- 
induced SNpc dopaminergic neuronal death, but failed to at- 
tenuate striatal dopaminergic fiber loss inPfgs2+'+ mice (Fig. 4 
C and E and Table 1). The magnitude of neuroprotection against 
MPTP provided by the lack of COX-2 did not differ between 
CEP-11004-treated and untreated Ptgs2''- mice (Fig. 4 Z> and f 
and Table 1). These data show that although both blockade of 
JNK and lack of COX-2 attenuate MPTP-induced SNpc dopa- 
minergic neuronal death, the combination of the two strategies 
does not enhance neuroprotection. 

COX-2 Ablation and Inhibition Do Not Impair MPTP Metabolism. The 
main determining factors of MPTP neurotoxic potency are its 
conversion in the brain to ]VfPP+ followed by MPP+ entiy into 
dopaminergic neurons and its subsequent blockade of mitochon- 
drial respiration (16). To ascertain that resistance to the neurotoxic 
effects of MPTP provided by COX-2 ablation or inhibition was not 
because of alterations in any of these three key MPTP neurotoxic 
steps, we measured striatal levels of MPP^ 90 min after the last 
injection of MPTP, striatal uptake of pHlMPP+ into synapto- 
somes, and shriatal MPP*-induced lactate production, a reliable 
marker of mitochondrial inhibition (17). Striatal levels of MPP+ 
were not lower in MPTP-injected Plgs2-'~ mice compared with 
P^2^'* mice, regardless of whether or not mice received the JNK 
pathway inhibitor (see Table 3). Striatal levels of MPP+ did not 
differ between MPTP-injected regular mice that eitiier received or 
did not receive rofecoxib (see Table 3). The absence of the COX-2 
gene or the presence of rofecoxib up to 32 ju,M did not affect 
MPP+-induced lactate production (lactate in /u,M/100 mg of pro- 
tein: P^2+'^ = 56.1 ± 1.9, Ptgs2-'- = 58.6 ± 5.2; regular 
mice/vehicle = 60.8 ± 3.8, regular mice/rofecoxib = 53.8 ± 7.3; 

Table 1. Effect of COX-2 ablation and JNK pathway inhibition on MPTPtoxicity 

SfJpc: no. of TH-posrtive neurons 

Treatment Ptgs2*'* Ptgs2*>- Ptgs2-'- 

Saline 
IVIPTP 
MPTP/CEP-11004 

9,153 : 
5,228: 
6,933 : 

328 
283*" 
501 

9,104: 
6,296 

643 
:356** 

9,200 
7,600 
8,420 

:643 
610 
799 

Striatum: TH-positive fibers, OD x 100 

Ptgs2+>* Ptgs2*i- Ptgs2- 

11.9 + 2.7 
1.9 ± 1.0** 
2.4 ± 0.5** 

12.2: 
2.6: 

1.9 
0.6** 

11.5 ±1.9 
7.3 ± 0.4 
7.4 ± 0.3 

Values are mean ± SEM for four to eight mice per group. *, P < 0.05 compared with the other groups of saline-treated mice; t, P < 0.05 compared with 
MPTP-injected Pf3s2'" mice treated wrth the JNK pathway inhibitor CEP-11004; *, P < 0.05 compared with all three groups of Ptgs2-'  mice. 
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Fig. 6. Expression of inflammatory and oxidative stress markers after MPTP. 
Two days after MPTP injection, mRNA expression of MAC-1 (A and B), ICE (A and 
0, gp91 (A and D), and iNOS (A and £) are increased in the ventral midbrain and 
none is attenuated by COX-2 ablation. MAC-1 immunoreactivity is minimal in 
saline-injected mice in ventral midbrain If), but is increased after MPIP injection 
(6; /metshows MPTP-induced microglial activation at higher magnification). (H) 
COX-2 inhibition does not attenuate MPTP-induced microglial activation. (0 
MPTP increases ventral midbrain protein-bound cysteinyl-dopamine, which is 
blocked by rofecoxib. Data are mean ± SEM for four to six mice per group. *,P< 
0.05, compared with saline treated groups; #, P < 0.05, compared with the other 
five groups (Newman-Keuls posthoctest). (Scale bar, 250 iixn.) 

mean ± SEM for six mice per group). Striatal uptake of pH]MPP+ 
was not impaired in Ptgs2~'' mice, compared with P^s2'^''^ mice, 
with an IQo of 226.3 ± 21 nM forP:^2-'- mice and 1953 ± 6.38 
nM for their wild-type Kttermates (mean ± SEM for three mice per 
group). These findings suggest that CX)X-2-mediated neurotoxidty 
diuing MPTP-induced neuronai death operates either in parallel or 
downstream to MPTFs key metabolic steps. 

COX-2 Modulation Does Not Alleviate MPTP-Assoclated Miaoglial 
Actuation. Given the proinf lammatory role of prostanoids such 
as PGE2, we investigated the potential involvement of SNpc 
dopaminergic neuron production of prostaglandins in MPTP- 
associated microglial activation. As shown before (11,18), there 
is a robust microglial activation in mice after MPTP adminis- 
tration. This activation was evidenced by increased contents of 
MAC-1, iNOS, gp91, and ICE mRNAs in ventral midbrains (Fig. 
6A-E), as well as by increased numbers of MAC-1-positive cells 
in both SNpc (Fig. 6G) and striatum (data not shown). Whereas 
both COX-2 abrogation and inhibition attenuated MPTP- 
mediated death, neither prevented the microglial response de- 
scribed above (RT-PCR: Fig. 6A-E, data not shown for COX-2 
inhibition; immunostaining for MAC-1: Fig. 6 F-H; data not 
shown for COX-2 ablation). Thus, COX-2 plays a negligible role 

in the microglial activation and the production of microglial- 
derived noxious factors after MPTP intoxication. 

COX-2 Mediates Oxidative Stress Durinp MPTP-induced Neurodegen- 
eration. Aside from production of extracellular prostanoids, CdX-2 
can also damage intracellular protein-bound sulfhydryl groups 
through the oxidation of catechols such as dopamine (19). To 
investigate whether such a mechanism is in play here, we quantified 
ventral midbrain content of protein 5-cysteinyl-dopamine, a stable 
modification engendered by the COX-related oxidation of dopa- 
mine (19). In saline-injected mice, baseline levels of protein 5- 
q^teinyl-dopamine were slightly lower in mice treated than those 
not treated with rofecoxib (Fig. 61). In MPTP-injected mice that did 
not receive rofecoxib, protein 5-cysteinyl-dopamine levels were 
>2-fold higher than in their saline-injected counterparts (Fig. 6/). 
In contrast, in MPTP-injected mice that did receive rofecoxib, there 
was no significant increase in protein 5-cysteinyl-dopamine levels 
compared with their saline controls (Fig. 67). 

Discussion 
This study shows an up-regulation of COX-2 in the brain regions 
that house nigrostriatal dopaminergic neurons in both MPTP mice 
and human PD samples. Increased COX-2 expression was associ- 
ated with increased PGE2 tissue content, thus indicating that the 
increased COX-2 is catalytically active. However, we found that 
ventral midbrain PGE2 reflects mainly COX-1 activity in both 
normal and MPTP-injured mice. Although affected brain regions 
in MPTP and PD are cellularly heterogeneous, conspicuous COX-2 
immunoreactivity was essentially found in SNpc dopaminergic 
neurons from MPTP-treated mice and postmortem PD samples. 
This finding raises the possibility that COX-2 up-regulation could 
amplify the neurodegenerative process specifically in SNpc dopa- 
minergic neurons, thus rendering these neurons more prone than 
any other neurons to succumb to MPTP toxidfy or PD injury. 

Consistent with the invoh^ement of COX-2 in MPTP and PD 
neurodegenerative processes, approximately twice as many SNpc 
dopaminergic neiu-ons and striatal dopamine fibers survived in 
P^2~'' mice compared with their wild-type littermates after 
MPTP administration. These results agree with the previous dem- 
onstrations that COX-2 modulation mitigates MPTP-mediated 
SNpc dopaminergic neurotwcicify in mice (20,21). Because COX-2 
can also exert deleterious effects unrelated to its catalytic activity 
(14), it must be noted that lack of COX-2 protein and inhibition of 
COX-2 by rofecoxib produced comparable protection of SNpc 
dopaminergic neurons against MPTP; striatal dopaminergic fibers 
were better protected by COX-2 ablation than by inhibition. It can 
thus be concluded that the deleterious effect of COX-2, at least on 
SNpc dopamine neurons in the MPTP model, and probably in PD, 
relies on COX-2 catalytic activity. Unlike ablation of COX-2, 
ablation of COX-1 failed to produce any protection against MPTP, 
thus indicating that induction of COX-2 expression, but not COX-1 
or COX-1 gene products (e.g., COX-3; ref. 22), is instrumental in 
MPTP nexirotoxicify. 

Our data confirm the activation of the JNK/c-Jun signaling 
pathway after MPTP administration (23) and demonstrate that the 
blockade of this pathway by CEP-11004 at a concentration that 
inhibits ojim phosphorylation also inhibits COX-2 induction. In 
mice lacking both JNK-2 and JNK-3 genes, we found that MPTP 
fails to cause any phosphorylation of c-Jtm or induction of COX-2 
(S.H., M.V., P.T., R J. Davis, S J>., E.C. Hirsch, P. Rakic, and R. A. 
Flavell, unpublished data). These results support a critical role for 
the JNK/c-Jun signaling pathway in the regulation of COX-2 
expression in SNpc dopaminergic neiu'ons after MPTP adminis- 
tration. However, COX-2 ablation attenuated MPTP-induced 
SNpc dopaminergic neuronai and striatal dopaminergic fiber loss, 
whereas JNK pathway inhibition protected only against SNpc 
neuronai death. This finding suggests that, in the absence of any 
COX-2 induction, residual COX-2 proteins in CEP-11004-treated 
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mice suffice to damage at least striatal dopaminergic fibeis, which 
. are more sensitive to MPTP than to SNpc dopaminergic neurons. 
We also show that the combination of JNK blockade and COX-2 
ablation did not confer neuroprotection against MPTP beyond that 
produced l^ COX-2 ablation alone. It can thus be conchided that 
among the host of genes regulated by JNK, COX-2 may be the 
mediator of JNICs deleterious effects on SNpc dopaminergic 
neurons in the MPTP model of PD. 

COX-2 toxicity is presumably mediated by its production of 
inflammatory prostanoids. Accordingly, neurons expressing 
COX-2 would cause their own demise through a harmful interplay 
with glial cells: COX-2-positive neurons release PGE2, which 
promotes the production of microglial-derived mediators, which, in 
turn, help in killing neurons. Although we have previously dem- 
onstrated that activated microglia and derived factors do amplify 
MPTP-induced neurodegeneration (11), the present study shows 
that COX-2 modulation alters neither the morphological nor the 
functional correlates of microglial activation after MPTP admin- 
istration. Therefore, neuronal COX-2 cytotoxidty in this model of 
PD does not appear to be linked to the inflammatory response. TWs 
view is consistent with our finding that most of the ventral midbrain 
PGE2 originates not from COX-2, but from COX-1. 

Alternatively, neuronal COX-2 overexpression may kill neurons 
in a cell-autonomous manner (5, 6, 24). Relevant to the leading 
pathogenic lij^othesis for PD (25) is the fact that COX-2 ceU- 
autonomous toxicity may arise from the formation of reactive 
oxygen species generated during COX peroxidase catalysis of 
PGG2 conversion to PGH2 (26). On donation of electrons to COX, 
cosubstrates such as dopamine become oxidized to dopamine- 
quinone (19), which is highly reactive with ghitathione and protein 
amino acids such as q/steins, tyrosine, and lysine. Supporting the 
occurrence of such an oxidative process after MPTP injection is the 
marked increase in ventral midbrain protein cysteinyl-dopamine 
content, a fingerprint of protein cysteinyl attack by dopamine- 
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quinone (19), in MPTP-intoxicated mice. We also demonstrated 
the COX-2 dependency of this toxic event by showing that COX-2 
inhibition prevented the rise in protein qrsteinyldopamine seen 
after MPTP injections. The deleterious consequences of dopamine- 
quinone can inchide depletion of vital antioxidants such as ghita- 
thione, inactivation of critical enzymes such as TH (27), and 
accumulation of a-synuclein protofibrils, a proposed key event in 
PD pathogenesis (28). Given these findings, it is thus imdeniable 
that COX-2 up-regulation in SNpc dopaminergic neurons can 
unleash an array of oxidative assaults, which ultimate^ may play a 
decisive role in determining the fate of these neurons in the MPTP 
model and in PD itself. 

Collectively, our data provide evidence for COX-2 up- 
regulation in MPTP and PD and support a significant role for 
COX-2 in both the mechanism and the specificity of MPTP- and 
PD-induced SNpc dopaminergic neuronal death. The present 
study suggests that inhibition of COX-2 may be a valuable target 
for the development of new therapies for PD aimed at slowing 
the progression of the nem-odegenerative process. 
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D-P-Hydroxybutyrate rescues mitochondrial respiratioii 
and mitigates features of Parkinsoii disease 
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Parkinson disease (PD) is a neurodegenerative disorder characterized by a loss of the nigrostriatal 
dopaminergic neurons accompanied by a deficit in mitochondrial respiration. l-Methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MFTP) is a neurotoxin that causes dopaminergic neurodegeneration and 
a mitochondrial deficit reminiscent of PD. Here we show that the infusion of the ketone body 
D-P-hydroxybutyrate (DpHB) in mice confers partial protection against dopaminergic neurodegen- 
eration and motor deficits induced by MPTP. These effects appear to be mediated by a complex 11- 
dependent mechanism that leads to improved mitochondrial respiration and ATP production. 
Because of the safety record of ketone bodies in the treatment of epilepsy and their ability to pene- 
trate the blood-brain barrier, DpHB may be a novel netu"oprotective therapy for PD. 

/. CUn. Invest. 112:892-901 (2003). doi:10.1172/fCI200318797. 

Introduction 
Parkinson disease (PD) is the second most common neu- 
rodegenerative disease after Alzheimer disease (1). PD is 
dinically characterized by disabling motor abnormalities, 
which include tremor, musde stiffiiess, paucity of volun- 
tary movements, and postural instability (2), and its main 
neuropathological feature is the loss'of substantia nigra 
pars compacta (SNpc) dopaminergic neurons (3). 

While PD is a sporadic condition of uncertain etiol- 
ogy (2), several lines of evidence suggest that a defect 
in oxidative phosphorylation contributes to its patho- 
genesis. For instance, l-methyl-4-phenyl-l,2,3,6-tetra- 
hydropyridine (MPTP), a neurotoxin that blocks com- 
plex I (NADH-ubiquinone oxidoreductase) of the 
mitochondrial electron transport chain (4), recapitu- 
lates in humans the hallmarks of PD (5). Further- 
more, reduction in complex I activity has been report- 
ed in PD tissues (reviewed in ref. 6). This defect is not 
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confined only to the brain (7), since low complex I 
activity has also been found in platelets from PD 
patients (8,9) and in cybrid cells engineered to contain 
mitochondria derived from platelets of patients suf- 
fering from PD (10). 

D-P-Hydroxybutyrate (DpHB) is a ketone body pro- 
duced by hepatocytes and, to a lesser extent, by astro- 
cytes (11). It is an alternative source of energy in the 
brain when glucose supply is depleted such as during 
starvation (12). In vitro DpHB prevents neuronal dam- 
age seen following glucose deprivation (13) and mito- 
chondrial poison exposure (14). Herein, we show that 
DpHB infusion protects SNpc dopaminergic neurons 
against MPTP in a dose-dependent and stereospecific 
manner and prevents the development of PD-like 
motor abnormalities in mice. We also provide in vivo 
and in vitro evidence that DpHB protects not by alle- 
viating MPTP-related complex I inhibition, but by 
enhancing oxidative phosphorylation via a mechanism 
dependent on mitochondrial complex II (succinate- 
ubiquinone oxidoreductase). 

Methods 
Animals and treatment. All animals were 8- to 10-week-old 
male C57BL mice (Charles River Laboratories, Wilm- 
ington, Massachusetts, USA). Mice were divided into 
four groups: vehicle (i.e., saline), DpHB, L-hydroxybu- 
tyrate (LpHB), and DpHB plus 3-nitropropiomc acid 
(3-NP). Vehicle, DPHB (1.6, 0.8, or 0.4 mmol/kg/d in 
saline, pH 7.4; Sigma-Aldrich, St. Louis, Missouri, USA), 
and LpHB (1.6 mmol/kg/d in saline, pH 7.4; Sigma- 
Aldrich) were administered subcutaneously (1 nl/h) 
using Alzet mini-osmotic pumps (DURECT Corp., 
Cupertino, California, USA). 3-NP (Sigma-Aldrich; 
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15 mg/kg, in 0.1 M PBS adjusted to pH 7.4) was given 
intraperitoneally 2 hours before the implantation on 
the first day and then once a day undl the animals were 
sacrificed. This dosage of 3-NP was seletted to inhibit 
complex n but not to induce cell loss. After surgery, ani- 
mals were allowed to rest for 1 day. Each mouse was 
then randomly assigned to receive four intraperitoneal 
injections of either MPTP (18 mg/kg of free base in 
saline; Sigma-Aldrich) or saline at 2-hour intervals. 

Tyrosine hydroxylase immunostaining and quantitative 
morphology. Seven days after the last MPTP injection, 
mice were killed and their brains were processed for 
immunohistochemical studies. Sections (30 fim) were 
incubated with apolyclonal anti-tyrosine hydroxylase 
(TH; 1,000 dilution; Calbiochem-Novabiochem Corp., 
San Diego, California, USA) for 48 hours at 4°C. 
Biotinylated secondary antibodies followed by avidin- 
biotin complex were used. Immunoreactivity was visu- 
alized by incubation in 3,3'-diaminobenzidine/glu- 
cose/glucose oxidase. Total numbers of TH-positive 
neurons in SNpc were counted stereologically using the 
optical fractionator method (15). Striatal OD of TH 
immunostaining, determined by the Sdon Image pro- 
gram (Scion Corp., Frederick, Maryland, USA), was 
used as an index of striatal density of TH innervation 
(16). The concentration of anti-TH antibody and 
3,3'-diaminobenzidine (DAB) and the duration of incu- 
bation of striatal sections in DAB were optimized to fall 
within the linear range of the plot of the immunos- 
taining intensities and the scanned ODs. 

Measurement ofD^HB and succinate levels. At different 
time points after the implantation of the osmotic 
pumps, blood was collected from tails, and brains were 
quickly removed, freeze-damped under liquid nitrogen, 
and stored at -80°C. Frozen tissues were treated with 
perchloric acid and neutralized with sodium hydroxide 
as previously described (17). Both DPHB and sucdnate 
were measured spectrophotometrically at 340 nm using 
commerdal kits from Sigma-Aldrich and from Roche 
Molecular Biochemicals (Indianapolis, Indiana, USA) 
respectively, following the manufacturers' instructions. 

Measurement of striatal l-methyl-4-phenylpyridinium lev- 
els. Mice infused with either saline or DpHB (1.6 mmol/ 
kg/d) were injected with MPTP (18 mg/kg) as described 
above and killed 90 minutes after the fourth injeaion. 
HPLC with UV detection (295 nm) was used to meas- 
ure striatal l-methyl-4-phenylpyridinium (MPP+) lev- 
els as previously described (18) with the following mod- 
ifications: a reverse-phase Altima C18 column (Alltech 
Assodates Inc., Deerfield, Illinois, USA) and a mobile 
phase consisting of 89% 50 mM KH2PO4 and 11% ace- 
tonitrile were used. Data represent mean + SEM of five 
mice per group. 

Synaptosomaluptake ofMPP*. Striata were dissected out 
from naive mice and processed for uptake experiments 
as described previously (19) with a few modifications. 
Briefly, striata were homogenized in 0.32 M sucrose and 
centrifuged at 700^, 4°C, for 10 minutes. The super- 
natant was removed and centrifuged at 27,000^ for 30 

minutes. The resulting synaptosomal pellet was sus- 
pended at 1.2 mg/ml (original wet weight) in Krebs- 
Ringer phosphate buffer (pH 7.4). The uptake reaction 
was initiated by addition of 0.6 mg of synaptosomes to 
tubes containing pH]MPP* (-4 nM, -800,000 degrada- 
tions per minute, specific activity 31.6 Ci/mmol; Amer- 
ican Radiolabeled Chemicals Inc., St. Louis, Missouri, 
USA) in the absence or presence of DpHB (up to 5 mM) 
at 37° C for 6 minutes. Nonspedfic uptake was assessed 
in the presence of 10 |iM mazindol. Data represent 
mean ± SEM of three mice per group. 

Isolation of brain mitochondria. Brains from C57BL mice 
were homogenized in isolation buffer (225 mM man- 
nitol, 75 mM sucrose, 1 mM EGTA, 5 mM HEPES, and 
2 mg/ml fat-free BSA) using a motorized Dounce 
homogenizer with eight up-and-down strokes. The 
homogenate was centrifuged at 1,000^ for 10 minutes, 
and the resulting supernatant was layered onto 5 ml of 
7.5% FicoU medium on top of 5 ml of 10% FicoU medi- 
um and centrifuged at 79,000 g for 30 minutes (the 
FicoU medium contained 0.3 M sucrose, 50 jxM EGTA, 
and 10 mM HEPES). The mitochondria! pellet was 
resuspended in isolation buffer. Protein concentrations 
were determined by the bidnchoninic assay (Pierce 
Chemical Co., Rockford, Illinois, USA) method with 
BSA as a standard protein. 

Mitochondridl accumulation ofMPP^. Brain mitochondria 
were isolated and resuspended in buffer as described pre- 
viously (20) but with a few modifications. The uptake 
reaction was initiated by addition of 0.6 mg of mito- 
chondria to tubes containing 5 |iM PH]MPP* and 45 
[j,M MPP* in the absence or presence of DPHB (up to 5 
mM) at 25°C for 3 minutes. Nonspedfic uptake was 
assessed in the presence of 5 [iM carbonylcyanide^p-tri- 
fluorometho^g^henylhydrazone (FCCP). Data represent 
mean + SEM of four or five mice per group. 

Polarography. Brain mitochondria were suspended in 
respiration buffer consisting of 225 mM mannitol, 75 
mM sucrose, 10 mM KQ, 5 mM HEPES, 5 mM K2HPO4, 
and freshly added 1 mg/ml defatted BSA at 30°C, and 
oxygen-consumption rates were measured in a closed- 
chamber cuvette with a mini-stirring bar using a Clark- 
type electrode (Hansatech Instruments Ltd., Norfolk, 
United Kingdom). For each reading, 300 ^ig protein was 
used in a final 1-ml respiration buffer, and all mito- 
chondria preparations had an average respiratory con- 
trol ratio of at least 5 when 10 mM glutamate and5 mM 
malate were used as NADH-linked substrates. 

ATP measurements. Samples were prepared under con- 
ditions identical to those of polarographical study. 
Mitochondria suspended in respiration buffer were 
incubated in the presence or absence of different sub- 
strates or inhibitors using the same incubation times as 
those of polarographical study. Where 3-NP was used, 
it was added from the beginning with MPP* (5 minutes) 
or rotenone (2.5 minutes) to mitochondria before the 
addition of OpHB. When the reaction was stopped, 
mitochondrial suspension from the cuvette was lysed in 
an equal volume of lysis buffer firom the ATP biolumi- 
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nescence assay kit (Roche Molecular Biochemicals), and 
the content of ATP was measured according to the man- 
ufacturer's instructions. Light emitted from ludferase- 
mediated reaction was captured in a tube luminometer 
and calculated from a log-log plot of the standard curve 
of known ATP concentrations. 

Measurements ofmitochondrialH202prodt4ction. Samples 
were prepared under conditions identical to those of 
polarographical study. Mitochondria suspended in res- 
piration buffer were incubated in the presence or 
absence of different substrates or inhibitors using the 
same incubation times as those of polarographical 
study. Phenazine methosulfate (0.1 mM) was used to 
oxidize NADH (21). Hydrogen peroxide, converted 
from superoxide by manganese-superoxide dismutase, 
was measured using 5 jiM Amplex red (Molecular 
Probes, Eugene, Oregon, USA) and 5 U/ml HRP. Fluo- 
rescence was detected by a Perkin-Elmer (Boston, Mass- 
achusetts, USA) LS55 spectrofluorometer with an exci- 
tation wavelength of 550 nm (slit 1.5 nm) and an 
emission wavelength of 585 nm (slit 3 nm). H2O2 pro- 
duction was calculated from a standard curve generat- 
ed from known concentrations of H2O2. 

Measurements of mitochondria! transmembrane potential. 
Saftanine, a cationic fluorescence dye accumulated and 
quenched inside energized mitochondria (22,23) was 
used to measure transmembrane potential (A\pnj)- 
Mitochondria were incubated with 10 mM glutamate, 
5 mM malate, and 5 \iM saftanine (Sigma-Aldrich) in 
respiration buffer 5 minutes before 5 mM DpHB was 
added, and Atpni was monitored for an additional 5 
minutes. FCCP (5 \>M) was used as a positive control to 
collapse Aipn,. Fluorescence was detected by a Perkin- 
Elmer LS55 spectrofluorometer with an excitation 
wavelength of 495 nm (slit 3 nm) and an emission 
wavelength of 586 nm (slit 5 nm). Data are reported in 
arbitrary fluorescence units (AFUs). 

Complex I activily. Largely based on protocols described 
by Birch-Machin and Tumbull (24), brain mitochondria 
were lysed by freeze-thawing in hypotonic buffer (25 
mM KH2PO4 [pH 7.2], 5 mM MgQz) three times. To ini- 
tiate the reaction, 50 [ig mitochondria were added to the 
assay buffer (hypotonic buffer containing 65 jiM 
ubiquinonei, 130 yM NADH, 2 (xg/ml antimycin A, and 
2.5 mg/ml defatted BSA) in the absence or presence of 
different concentrations of rotenone (2.5-15 (xM) or 
MPP* (10-30 mM). The oxidation of NADH by complex 
I was monitored at 340 nm spectrophotometrically for 
3 minutes at 30°C prior to the addition of rotenone (2 
(ig/ml), after which the activity was measured for an 
additional 3 minutes. The difference in rate before and 
after the addition of rotenone (2 Hg/ml) was used to cal- 
culate complex I activity. 

Complex II histochemistry. Animals were injected 
intraperitoneally with either saline or 3-NP (15 mg/kg) 
once daily for 8 days, the same regimen used in the ani- 
mals that received DpHB. As described previously (25), 
animals were perfused with PBS containing 10% glyc- 
erol. Brains were rapidly removed, frozen in dry 

ice-cooled isopentane, and stored at -80° C. Brains 
were sectioned at 20 \x.m throughout the entire nigra 
and striatum. Sections were mounted onto glass 
microscope slides, and complex II activity was revealed 
by incubation of sections at 37° C for 20 minutes in 50 
mM phosphate buffer (pH 7.6) containing 50 mM suc- 
cinate as a substrate and 0.3 mM Nitroblue tetrazoli- 
um (NBT) as an electron acceptor. 

Immunoblots. Total tissue proteins from ventral mid- 
brains of MPTP- and saline-treated mice were isolated as 
described previously (26), and 20 (xg proteins were sepa- 
rated on 12% SDS-PAGE. Membranes were blotted with 
polydonal anti-P-hydroxj^utyrate dehydrogenase (1:100; 
a generous gift fix)m Andrew Marks, Columbia Universi- 
ty, New York, New York, USA) and monoclonal anti- 
P-actin (1:5,000) overnight at 4°C. Secondary antibodies 
conjugated with HRP were used. Bands of interest were 
analyzed and quantified using FluorChem 8800 (Alpha 
Itmotech Corp., San Leandro, California, USA). 

Rotarodperformance. The Economex system (Columbus 
Instruments, Columbus, Ohio, USA), consisting of four 
rotating rods of 3 cm diameter in separated compart- 
ments, enables four mice to be recorded simultaneous- 
ly. Seven days after MPTP or saline injections, implant- 
ed pumps containing 1.6 mmol/kg/d DpHB were 
removed, and mice (4-13 animals per group) were 
allowed to recover from surgery and dehydration for an 
additional 7 days. On the testing day, animals were first 
pretrained three times (1 hour apart) using an accelerat- 
ing mode. After these training sessions, the time on the 
rod, with a maximum recording time of 240 seconds, 
was recorded for successive rotational speeds (15,18,21, 
24,27,30,32,36, and 40 rpm), and the overall rod per- 
formance (ORP) for each mouse was calculated by the 
trapezoidal method as the area under the curve in the 
plot of time on the rod versus rotation speed (27). To 
assess the responsiveness of the MPTP-related motor 
deficit to dopaminergic stimulation, mice were injected 
intraperitoneally with L-3,4-dihydroxyphenylalanine 
(L-DOPA) methyl ester/benserazide (100/25 mg/kg), and 
Rotarod performance was assessed 45 minutes later. 

Measurement ofdopamine and its metabolite levels in stri- 
ataland ventral midbntin tissues. Animals from the Rotar- 
od study were sacrificed, and their striata and ventral 
midbrains were dissected out and stored at -80 ° C until 
analysis. On the day of the assay, striatal and ventral 
midbrain tissues were sonicated in 50 and 10 volumes 
(wt/vol), respectively, of 0.1 M perchloric acid contain- 
ing 50 ng/ml dihydrobenzylamine as internal standard 
After centrifugation at 15,000^for 15 minutes at 4°C, 
20 |xl of supernatant was injected onto a C18 reverse- 
phase HR-80 catecholamine column (ESA Inc., Bed- 
ford, Massachusetts, USA). The mobile phase consist- 
ed of 94% 50 mM sodium phosphate/0.2 mM 
EDTA/1.2 mM heptanesulfonic acid (pH 3.2) solution 
and 6% methanol. The flow rate was 1.5 ml/min. Peaks 
were detected by an ESA 8 Channel CoulArray system. 
Data were coUeaed and processed using the CoulArray 
data analysis program (version 1.12). 
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Statistkd analysis. All values are expressed as mean ± SEM. 
Differences between means were analyzed using one- 
way ANOVA followed by Newman-Keuls post-hoc test- 
ing for pairwise comparison. The null hypothesis was 
rq'ected when P was greater than 0.05. 

Results 
MPTP upregtdlates DpHB-metaboUzingenzyme and increas- 
es utilization ofD^HB in the brain. To assure sustained 
high tissue levels of DpHB during the experiment, this 
short-half-life (28) compound was infused subcuta- 
neously at a dose of 1.6 mmol/kg/d for the entire 7 days. 
This regimen seemed well tolerated and yielded a stable 
plasma level of approximately 0.9 mM throughout the 
7-day period. Likewise, brain 
DpHB levels in mice intoxicat- 
ed with MPTP did not signifi- 
cantly change throughout the 
experiment (Figure la). Brain 
DpHB levels in mice that 
received saline instead of receiv- 
ing MPTP, 3-NP, or both were 
significandy higher, at least at 
the beginning of the experi- 
ment (Figure la). 

Circulating DpHB readily 
crosses the blood-brain barrier 
and enters mitochondria, where 
it is metabolized by P-hydroxy- 
butyrate dehydrbgenase to ace- 
toacetate; the latter is converted 
to acetyl-CoA, which feeds into 
the Krebs cycle (29). In saline- 

Figure 1 
Brain levels of DpHB and P-hydroxybutyrate dehydrogenase (PHBD) 
under different treatments, (a) One day after implantation of pumps 
containing DpHB, animals were injected intraperitoneally with saline 
(Sal), MPTP, or 3-NP as described in Methods, and brain levels of 
DpHB were measured at 0 days (90 minutes after the fourth injec- 
tion), 2 days, and 7 days thereafter. The utilization of DpHB was 
increased when cells were under metabolic stress induced by these 
toxins, n = 4-6; *P < 0.05 and **P < 0.01 compared with the respec- 
tive control saline groups, (b) Western blot analysis of ventral mid- 
brains from MFTP-intoxicated mice shows upregulation of this 
enzyme as early as day 0. n = 4-5 per group; *P < 0.05 compared with 
the control saline group. P-Actin is used to normalize pHBD values. 

injected control mice, p-hydro^g^butyrate dehydrogenase 
protein content in ventral midbrain (the brain region 
that contains the SNpc) was detectable (Figure lb). In 
MPTP-injeaed mice, P-hydroxybutyrate dehydrogenase 
protein content in ventral midbrain rose rapidly and 
remained elevated for 2 days after the last injection of 
MPTP (Figure lb). These data suggest that MPTP-relat- 
ed cellular stress is associated with a p-hydroxybutyrate 
dehydrogenase upregulation, which in turn may facili- 
tate utilization of DpHB in the brain. 

D^HB attenuates MPTP-induceddopaminergcneurode^n- 
emtion. One day after implantation of pumps containing 
either vehicle or DpHB, mice were injected with MPTP. 
Seven days later, the brains of these animals were 
processed for quantification of dopaminergic cell bod- 
ies in the SNpc and of projecting dopaminergic fibers in 
the striatum using TH immunostaining. In saline-inject- 
ed mice infused with either vehicle or DPHB, numbers 
of TH-posidve neurons in the SNpc were identical (Table 
1; Figure 2, a and b), as were TH ODs in the striatum 
(Table 1; Figure 2, i and j). In MPTP-injected mice 
infused with vehicle, there was an approximately 70% 
loss of SNpcTH-positive neurons and an approximate- 
ly 90% reduction of striatal TH ODs (Table 1; Figure 2, e 
andm) compared with saline-injected controls (Table 1; 
Figure 2, a and i). In contrast, in MPTP-injected mice 

Tablet 
TH- and Nissl-positive neurons in SNpc and striatal TH density 

MPTP        3-NP          NigralTH             Nigral NIssI Striatal TH 
OD(xlOO) 

9,770 ±694 15,525 ±930 21.78 ±1.90 

9,293±590 14,880 + 416 23.76±2.10 

9,040 ±705 12,987 ±1,274 20.47 ±1.43 

+           8,933±1,040 12,387±1,169 23.11±4.43 
+              -          3,233 ±280 6,445 ±380 1.61 ±0.16 

+               +           2,600 ±654 5,860 ±850 1.76 ±0.10 
+               -           3,168 ±625 5,392 ±847 1.80 ±0.12 

+              -          3,720 ±185 7,693 ±659 2.00 ±0.39 

+               -           6,300 ±506* 9,597 ±601 3.73 ± 0.10^ 

+               -           2,780 ±236 7,525 ±360 1.10 ±0.33 
+               +           1,947 ±389 4,627 ±701 1.73 ±0.27 

Vehicle 
DPHB (1.6 mmol/kg/d) 
LPHB (1.6 mmol/kg/d) 

Vehicle 
Vehicle 
Vehicle 
DpHB (0.4 mmol/kg/d) 
DpHB (0.8 mmol/kg/d) 
DPHB (1.6 mmol/kg/d) 
LPHB (1.6 mmol/kg/d) 
DpHB (1.6 mmol/kg/d) 

Animals with pumps containing either vehicle (saline) or different isoforms of p-hydroxybutyrate were inject- 
ed intraperitoneally with MPTP, 3-NP, or saline (not shown). Data represent mean ± SEM of six to nine mice 
per group. *P < 0.01 and °P < COS compared with the saline-MPTP group. 
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Saline MPTP Saline MPTP Figure 2 
Protective effect of DpHB against MPTP- 
induced neurodegeneration. (a-h)TH-pos- 
itive neurons in SNpc, and (i-p) TH-posi- 
tive terminals in striatum. Animals were 
infused subcutaneously with vehicle (saline; 
a, e, i, and m), DpHB (1.6 mmol/kg/d; b, 
d, f, h, j, I, n, and p), or ipHB (1.6 
mmol/kg/d; c, g, k, and o) 1 day before 
receiving intraperitoneal injections of either 
saline (a-d and i-l) or MPTP (18 mg/kg; 
e-h and m-p). There is an extensive loss of 
TH-positive neurons (e) and terminals (m) 
in MPTP-injected animals. This loss is 
attenuated by OpHB (f and n) but not by 
its inactive isomer L^HB (g and o). The 
complex II inhibitor 3-NP was given 
intraperitoneally(1S mg/kg) daily for the 
entire period of DpHB infusion. In the pres- 
ence of 3-NP, DpHB does not confer neu- 
roprotection. Scale bars: 500 (im (a-h) and 
1 mm (i-p). Please refer to Table 1 for 
quantification of neurons and terminals in 
each animal group. 

infused with DpHB, less reduction in SNpc TH-positive 
neurons and striatal TH ODs was observed (Table 1; Fig- 
ure 2, f and n). To control for the specificity of DpHB 
neuroprotection, another set of MPTP-injected mice 
received infusion of the inactive isomer LpHB. In these 
mice, the loss of dopaminergic neurons was as severe as 
in mice infused with vehicle (Table 1; Figure 2, g and o). 
Thus, DpHB, but not its inactive isomer, can attenuate 
neurotoxic effects of MPTP on dopaminergic cell bodies 
in the SNpc and nerve fibers in the striatum. 

DpHB attenuates the loss ofdopamine and <fee motor deficit 
induced by MPTP. To examine whether DpHB protects 
not only against structural damage but also against 
functional deficits caused by MPTP, we assessed levels of 
dopamine and two of its metabolites, dihydroj^henjd- 
acetic add (DOPAC) and homovanillic acid (HVA), in 
ventral midbrain and striatum, as well as locomotor 
activity, in these animals. In MPTP-injected mice that did 
not receive DPHB, there was a reduction in dopamine 

and its metabolites (Table 2) in both ventral midbrain 
and striatum. Behaviorally, the length of time that these 
MPTP-injected mice remained on the rotating rods was 
significantly shorter than that of the saline-injected con- 
trols (Figure 3). The motor deficit observed in MPTP- 
treated mice was alleviated by the administration of 
L-DOPA/benserazide (data not shown), indicating that 
this motor deficit results fi-om a loss ofdopamine. In 
MPTP-injected mice that did receive OPHB, the levels of 
dopamine and its metabolites were all significandy high- 
er than those in MPTP-injected mice that did not receive 
DpHB (Table 2). Of note, the attenuation of MPTP- 
induced dopamine loss by DpHB was smaller than the 
attenuation of MPTP-induced SNpc neuronal death by 
DpHB. Similarly, MPTP-injected mice that received 
DpHB performed much better on the rotating rods than 
MPTP-injected mice that did not receive DpHB (Figure 
3). Saline-injeaed mice that received DpHB had similar 
levels ofdopamine and metabolites (Table 2) and simi- 

Table2 
Levels ofdopamine and its metabolites in ventral midbrain and striatal tissues 

Ventral midbrain levels (ng/mg tissue) 
DA DOPAC HVA 

Vehicle 0.32 ±0.01 0.098 ±0.003 1.07 ±0.02 
DpHB 0.33 ±0.02 0.104 ±0.010 1.09 ±0.11 
Vehicle/MFTP 0.17 ±0.01 0.046 ±0.003 0.50 ±0.03 
DPHB/MPTP 0.23 ±0.01* 0.070 + 0.005* 0.71 ±0.05* 

Striatal levels (ng/mg tissue) 
DA DOPAC HVA 

15.81 ±0.69 0.91 ± 0.06 1.41 ±0.03 
16.92 ±0.53 1.02 ±0.01 1.40 ±0.11 
0.86 ± 0.21 0.10 ±0.02 0.36 ±0.05 
2.41 ± 0.45^ 0.24 ± 0.03^ 0.64 ± 0.04* 

Animals from the Rotarod study were killed, and their brains were removed and measured byHPLCforthe levels ofdopamine and its metabolites. Data rep- 
resent mean ± SEM of 4-13 mice per group. *P < 0.01; ^P < 0.05 compared with the MFTP-treated group without DpHB. 
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Figures 
Proteaive effect of DpHB against motor deficit in MPTP-treated mice. 
Animals were infused subcutaneously with either vehicle (saline) or 
DpHB (1.6 mmol/kg/d) 1 day before receiving intraperitoneal injec- 
tions of either saline or MFTP (18 mg/kg). Pumps were removed at day 
7, and animals were allowed to recover from surgery and dehydration 
for an additional 7 days before their Rotarod performance was 
assessed. Motor deficit is observed In the MFTP-treated animals, but 
DpHB significantly improves this impairment. DpHB does not affect 
base-line motor function in saline-injected mice, n = 4-13; *P < 0.05 
compared with the saline-vehicle group; *P < 0.05 compared with the 
MPTP-vehicle group. 

lar motor performance (Figure 3) to those of saline- 
injected mice that did not receive DpHB. 

DpHB does not affia MPTP activation. MPTP is a pro- 
toxin whose effect correlates with the striatal content of 
its active metabolite MPP*^ (30). Striatal levels of MPP* 
90 minutes after the last injertion of MPTP did not dif- 
fer between mice that received DpHB (30.9 + 1.6 (xg/g 
tissue) or vehicle [26.8 + 1.3 (ig/g tissue; Student's t test 
with 6 degrees of freedom {t{€,)) = 1.98; P = 0.1]. MPTP- 
induced dopaminergic neurotoxidty relies on the entry 
of MPP* into dopaminergic neurons via dopamine 
transporters (31). DpHB did not impair the uptake of 
PH]MPP* by striatal synaptosomes at concentrations 
up to 5 mM, which is more than five times the plasma 
concentration found in DpHB-infused animals (vehide, 
100% ± 2.3% of control; OpHB, 99.1% ± 1.8% of control; 
t(6) = 0.3; P = 0.8). Inside dopaminergic neurons, MPP* 
is concentrated within mitochondria by a mechanism 
that depends on mitochondrial A»J)n, (20). At 5 mM, 

DpHB did not alter the uptake of PH]MPP* by purified 
brain mitochondria (vehicle, 100% ± 4.1% of control; 
DPHB, 93.2% ± 0.5% of control; t(6) = 1.7; P=0.1). Thus, 
it is unlikely that the neuroprotective effect of DpHB in 
the MPTP model of PD results from alterations in the 
key MPTP toxicokinetic steps described above. 

DpHB increases mitochondrial oxygen consumption. DpHB 
has been used as a mitochondrial substrate (32,33). We 
thus asked whether DpHB could support oxidative 
phosphorylation in brain mitochondria, and, if so, 
whether it may rescue mitochondrial respiration 
depressed by MPP*-mediated complex I blockade (34). 
Consistent with OPHB being a mitochondrial sub- 
strate, we found that it increased oxygen consumption 
in a dose-dependent manner (Figure 4, a and b). The 
effects of DPHB in supporting mitochondrial respira- 
tion are stereospedfic, since the inactive isomer LpHB 
failed to improve oxidative phosphorylation (Figure 4c). 
We also found that DpHB ameliorated oxygen con- 
sumption impaired by different concentrations ofMPP* 
(Figure 4a) and of another complex I inhibitor, rotenone 
(Figure 4b). At 25 (iM MPP* and 25 nM rotenone, which 
we found to inhibit about 25% of the oxygen consump- 
tion in glutamate- and malate-supported mitochondria, 
DPHB restored completely the oxygen consumption 
depressed by these inhibitors (Figure 4, a and b). At 100 
(iM MPP* and 100 nM rotenone inhibits more than 90% 
of the oxygen consumption in glutamate- and malate- 
supported mitochondrial respiration (data not shown). 
At these concentrations, DPHB restored completely the 
oxygen consumption inhibited by MPP*, but only par- 
tially that inhibited by rotenone (Figure 4, a and b). 

DpHB does not uncouple mitochondria. To assure that the 
increase in rate of oxygen consumption induced by 
DPHB is not an artifact of uncoupled mitochondria, we 
measured Aipm. As expected, the uncoupler FCCP at 5 
\iM collapsed the AiJJm in isolated mitochondria (FCCP, 
419 ± 23 AFUs; no FCCP, 69 ± 2 AFUs). Conversely, 

Figure 4 
DpHB increases oxygen consumption in purified 
brain mitochondria. Mitochondria (300 [ig) were 
incubated in the absence or presence of MPF>* (5 min- 
utes; a) or rotenone (2.5 minutes; b) at 30°C, and 
then 5 mM DpHB was added to induce oxygen con- 
sumption. DpHB attenuated inhibition of mitochon- 
drial respiration induced by MPF>* (a) or rotenone (b) 
at indicated concentrations, which blocked about 
25-90% of oxygen consumption when glutamate and 
malate were used as NADH-linked substrates (data 
not shown), (c) The improvement of oxygen con- 
sumption by DpHB is stereospecific and is blocked by 
10 mM 3-NP, a complex II inhibitor, (d) DpHB 
increases oxygen consumption in a dose-dependent 
and saturable fashion as seen with succinate, a com- 
plex II substrate, although not as efficiently as succi- 
nate does on an equimolar basis, n = 3-4. 
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Figure S 
Dose-response study of NADH in complex I activity (a and b) and brain levels of succinate 
(c). In mitochondria lysed by freeze-th awing, when the inhibition of complex I activity was 
titrated with different concentrations of MPP* (a) or rotenone (b), different amounts of 
NADH did not produce different responses in complex I activity (n = 4 per group), (c) Lev- 
els of succinate were measured in the brains of animals treated with 18 mg/kg/d MPTP or 
15 mg/kg 3-NP, or both. Levels of succinate in the group that received DpHB (1.6 
mmol/kg/d) are significantly increased in the presence of 3-NP. n = 3-10 per group; 
*P< 0.05 compared with the control saline group; *P < 0.05 compared with the 3-NP group, 
(d) HIstochemical analysis in striatal sections shows that when animals were treated with 
3-NP (right panel) at this concentration for 8 days, there was approximately 40% reduction 
in complex II activity in the striatum compared with that in the group treated with saline (left: 
panel), n = 5 per group; **P< 0.01. Scale ban 500 pim. 

that DPHB-derived NADH can- 
not explain the improvement seen 
in mitochondria! respiration pro- 
duced by opHB. 

Based on its metabolic pathway, 
opHB can also generate succinate, 
which is capable of stimulating the 
rate of oxygen consumption in iso- 
lated brain mitochondria through 
complex n. In keeping with this 
metabolic pathway, we found that 
both DpHB and succinate did 
improve oxygen consumption in 
a dose-dependent and saturable 
manner, although DPHB was not 
as potent as succinate (Figure 4d). 
This is not unexpected, since 
DpHB has to go through several 
metabolic steps to generate succi- 
nate. In addition, we found that 
the beneficial effects of DpHB on 
mitochondria! respiration in the 
presence of MPP* or rotenone were 
completely abolished by two differ- 
ent complex n inhibitors, 3-NP at 
10 mM (Figure 4c) and malonate at 
10 mM (data not shown). Togeth- 
er, these data are consistent with 
the idea that DpHB increases mito- 
chondria! respiration in the face of 
complex I inhibition by a complex 

DPHB at concentrations as high as 5 mM had no effect 
on mitochondria! Aipm (DpHB, 68.58 ± 3.07 AFUs; no 
DPHB, 65.21 ± 3.03 AFUs;» = 5 per group; P > 0.05). We 
also found that the increase in oxygen-consumption 
rate produced by DpHB could be bloclted by anti- 
mydn A, a complex HI inhibitor (base line, 4.49 ± 0.62 
nmol/min/mg; DpHB, 14.14 + 0.43 nmol/min/mg; 
DpHB + antimycin A, 5.99 ± 0.95 nmol/min/mg; n = 3 
per group; P > 0.05 comparing base line with the 
DPHB + antimycin A group). These experiments indi- 
cate that DpHB does not imcouple mitochondria at 
concentrations that increased oxygen consumption. 

Effects of DpHB on mitochondrial respiration seem driven by 
complex n. One product generated from the metabolism 
of DpHB is NADH, which provides the driving force for 
the mitochondria! respiration through complex! Can an 
increase in availability of NADH compensate for the loss 
of o^g'gen consumption due to complex I inhibition? To 
test tliis possibility, freeze-thawed disrupted brain mito- 
chondria wete incubated with MPP*, or rotenone, and 
NADH. Concentrations of MPP* and rotenone were 
selected to produce complex I inhibition ranging from 
about 40% to 100%, and supplementation of NADH 
ranged from 0.5 to 2.5 times the normal concentration 
used in the assay (Figure 5, a and b). These changes in 
NADH supplementation did not modify the degree of 
complex I inhibition (Figure 5, a and b). This indicates 

Il-dependent mechanism. 
DpHB neuroprotection is abrogated by mitochondrial com- 

plex II inhibition in vivo. To determine whether our in 
vitro data are relevant to DpHB neuroprotection seen 
in vivo, we first measured succinate levels in the brains 
of DpHB-infused mice. Upon inhibition of complex II, 
DpHB infusion indeed increased levels of succinate in 
the brain (Figure 5c). Next, MPTP-injected mice infused 
with DpHB were injected with 3-NP. This irreversible 
complex II inhibitor was administered daily for the 
entire period of DpHB infusion at a dosage of 15 
mg/!cg/d As illustrated in Figure 5d, this regimen of 
3-NP inhibited approximately 40% of complex II activi- 

TableS 
ATP levels in purified brain mitochondria 

ATP levels (nmol/mg mitochondrial protein) 

Base line (no substrate) 5.37 ± 0.30 

DpHB(SmM) 76.16 ±6.11* 
DPHB plus MPP* (100 nM) 90.49 ± 9.73* 
DPHB plus rotenone (100 nM) 25.96 ±5.22^ 
DPHB plus MPP* plus 3-NP (10 mM) 0.62 ±0.21 
DPHB plus rotenone plus 3-NP 0.73 ± 0.23 
IPHB 3.85 ± 0.24 

Mitochondrial samples were prepared as in the polarographical studies, and 
ATP levels were measured using a luciferase kit. Data represent mean ± SEM 
of four mice per group. *P < 0.01 and V < 0.05 compared with the base-line 
endogenous ATP level. 
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Table 4 
H2O2 measurements in purified brain mitochondria 

Treatment MItochondrial H2O2 production 
(pmol/min/mg protein) 

DpHB (5 mM) 73.83 ± 8.04 

Rotenone (100 nM) T32.39 ± 19.68 
DpHB plus rotenone 506.00 ± 40.47* 

DpHB plus rotenone plus3-NP(10 mM) 522.76 ± 62.23* 
DpHB plus rotenone plus PM (0.1 mM) 160.50 ±20.62 
LPHB (5 mM) plus rotenone 105.91 + 7.45 

MRP* (500 pM) 55.24 + 12.98 
OPHB plus MPP* 94.92 ± 6.79^ 
DpHB plus MRP* plus PM 73.76 ± 6.38 
LPHB plus MRP* 54.28 + 4.93 

Micochondrial samples similar to those in the polarographrcal studies were 
prepared, and the fluorescence dye Amplex red was used to measure H2O2 
converted from superoxide. Data represent mean ± SEM of four mice per 
group. *P < 0.01 compared with the rotenone-alone group; 'P < O.OS com- 
pared with the MPP*-alone group. PM, phenazine methosulfate. 

ty in the striatum without causing cell death in either 
the SNpc (Table 1) or the striatum, as evidenced by TH 
or Nissl staining (Table 1; data not shown for striatal 
Nissl staining). As before, DpHB protected against 
MPTP neurotoxicity in mice that did not receive 3-NP. 
However, DpHB failed to reduce MPTP-induced dop- 
aminergic neurodegeneration in mice that did receive 
3-NP (Table 1; Figure 2, h and p). Supporting the effec- 
tiveness of the 3-NP regimen in blocking complex 11 is 
our demonstration that succinate levels in the brain 
were higher in mice that received 3-NP than in those 
that did not (Figure 5c). Thus, these results are consis- 
tent with the hypothesis that complex 11 is a pivotal 
mediator in DpHB's neuroprotective effects. 

DpHBdoesnothaveantioxidanteffictsbutincreasesATPpro- 
duction. Inhibition of complex I by MPP* and rotenone 
generates reactive oj^'gen spedes (ROS), raising the possi- 
bility that the beneficial effects of DPHB are mediated by 
an andoxidant action, as previously suggested (14). In iso- 
lated mitochondria, DpHB did not reduce but stimulat- 
ed ROS produaion in the presence of rotenone or MPP* 
(see Table 4). To elucidate the basis of DPHB-related ROS 
production, 3-NP was added to the incubation mixture 
(see Table 4). This complex 11 inhibitor was unable to 
block the DpHB-related ROS production, thus ruling out 
the possibility of a reversed flux of electrons fiom complex 
n to complex I as the ROS generator (22,23). Instead, we 
suspeaed that the DpHB-related ROS resulted fiom addi- 
tional NADH generated by DpHB metabolism. To test 
this alternative possibility, phenazine methosulfate, a 
compound that oxidizes NADH (21), was included in the 
incubation mixture. Consistent with this possibility, 
phenazine methosulfate abolished ROS production (see 
Table 4). These data argue against DPHB having antioxi- 
dant properties, at least in this in vitro setting. 

Inhibition of complex I by MPP* and rotenone also 
impairs ATP production, raising the possibility that the 
beneficial effects of DpHB are mediated by attenuation 
of ATP depletion. We thus measured ATP production in 

isolated brain mitochondria under conditions similar to 
those of polarographical study. As shown in Table 3, 
DpHB increased ATP production from a base line of 
5.37 ± 0.30 nmol/mg protein to 76.16 ± 6.11 nmol/mg 
protein. The increase of ATP production was not detett- 
ed with the inactive isomer LpHB (3.85 + 0.24 nmol/mg 
protein). In agreement with the oxygen-consumption 
data, DPHB prevented the loss of ATP produaion 
caused by 100 ^M MPP* or 100 nM rotenone (Table 3). 
Yet, upon addition of 3-NP, DpHB-related ATP produc- 
tion was abolished (Table 3). Together, these data are 
consistent with the contention that the effects of DpHB 
seen in the polarographical studies correspond to an 
increase in oxidative phosphorylation. 

Discussion 
The present study shows that the ketone body DpHB, a 
crucial alternative source of glucose for brain energy, con- 
fers protection against the struaural and fiinctional dele- 
terious effects of the parkinsonian toxin MPTP; these 
include degeneration of SNpc dopaminergic neurons 
and striatal dopaminergic fibers, loss of striatal 
dopamine, and PD-like motor deficit. The beneficial 
effects of DpHB were achieved by its subcutaneous infu- 
sion using osmotic mini-osmotic pumps, which, without 
apparent distress, allowed its reliable continuous delivery 
to the brain. WhUe DpHB levels in the brain were stable 
in DPHB-infiised mice exposed to MPTP, in mice injea- 
ed with saline th^ were higher at the beginning and then 
dropped during the experimental period of 7 days. 
Although the basis for these differences remains to be elu- 
cidated, it is possible that the utilization of DpHB in the 
brain increases rapidly following exposure to mitochon- 
dria! poisons such as MPTP and augments progressively 
in normal brain as part of a metabolic adaptation to sus- 
tained high DpHB concentrations. 

Utilization of DpHB in the brain is contingent on its 
conversion to acetoacetate by P-hydrojybutyrate dehy- 
drogenase, wiiich is scarce in the adult brain, especially in 
the basal ganglia (35). The activity of p-hydro;^utyrate 
dehydrogenase correlates with its protein content (36), 
and, following MPTP administration, it is upregulated in 
the ventral midbrain. MPTP-induced P-hydro;gibutyrate 
dehydrogenase upregulation precedes peak dopaminer- 
gic neuronal death in this model (37). It can thus be envi- 
sioned that ^-hydroxybutytate dehydrogenase activity 
increases early enough to allow effective utilization of 
DpHB by the compromised dopaminergic neurons. 

A critical step in activation of MPTP is its conversion 
into MPP* by monoamine oxidase (38). The possibility 
that DpHB infusion confers protection by interfering 
with monoamine oxidase activity can be ruled out given 
the fact that brain levels of MPP* were similar between 
mice that received and those that did not receive DPHB. 
Also arguing against the possibility that DpHB confers 
protection by impairing MPTP activation is the fact that 
DpHB attenuates dopaminergic neuronal death in pri- 
mary ventral midbrain cultures exposed to MPP* (14). 
DpHB also did not interfere with other key aspects of 
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MPTP metabolism (39), such as entry of MPF into 
dopaminergic neurons and mitochondria at concentra- 
tions as high as 5 mM. Together these data indicate that 
DPHB protects not by a pre-complex I mechanism but 
rather by mitigating the deleterious effects of complex I 
inhibition on the survival of dopaminergic neurons. 

In isolated brain mitochondria, DpHB improves oxy- 
gen consumption in the presence of the complex I poi- 
sons MPP and rotenone. The DpHB effect is dose 
dependent and stereospedfic. The metabolism of DpHB 
leads to an elevated mitochondrial |NADH]/[NAD*] ratio 
due to NADH generated from the conversion of DpHB 
to acetoacetate and also from the tricarbo;94ic add (TCA) 
cyde, whose turnover is increased by high levels of acetjd- 
CoA produced by acetoacetate. NADH is used by com- 
plex I to drive mitochondrial respiration. DpHB may 
increase oxygen consumption by fueling mitochondria 
with NADH. However, in the presence of complex I inhi- 
bition by MPP or rotenone;, NADH oxidation is impaired 
and, as shown in this study, an increase in NADH content 
is unable to alleviate complex I blockade. 

In addition to generating NADH, increased TCA 
turnover, in theory, should also lead to increases in pro- 
duaion of other TCA intermediates such as succinate. 
Here, we show that DpHB infusion does increase brain 
succinate content. While succinate is a TCA cycle sub- 
strate, its oxidation by succinate dehydrogenase is cou- 
pled to a transfer of electrons to ubiquinone of the mito- 
chondrial respiratory chain, and thus succinate is 
routinely used to support oxygen consumption in the 
presence of complex I blockade. We demonstrate that 
inhibition of complex II (a) abrogates DpHB-mediated 
increases in oxygen consumption in isolated mitochon- 
dria and (b) abolishes DpHB-mediated protective effects 
on SNpc dopaminergic neurons and striatal dopamin- 
ergic fibers after MPTP administration. Thus, these data 
strongly support our hypothesis that the beneficial effect 
of DpHB in the MPTP model of PD involves a complex 
n-dependent mechanism. 

It has been proposed that the ability of DPHB to 
decrease MPP* neurotoxidty in primary ventral midbrain 
cultures is related to the oxidation of the coenzyme Q 
couple, which should, by decreasing the semiquinone, 
decrease ROS produaion (14). Contrary to this predic- 
tion, we found, at least in isolated mitochondria, that 
rather than decreasing ROS production induced by MPP*' 
or rotenone, DpHB enhanced it even further. These find- 
ings cast doubt that DpHB protects the nigrostriatal 
pathway through an antioxiciant mechanism. How can 
DpHB increase ROS? Succinate is the most effective 
ROS-generating substrate in intact brain mitochondria 
(22,23), by stimulating a reversed flux of electrons from 
complex II to complex I (22, 23). However, rotenone 
blocks this ROS signal (22,23); thus, in the context of the 
present study, in which complex I is inhibited, this mech- 
anism may not be operative. Instead, our data suggest 
that DpHB-derivedNADH, by feeding complex I, increas- 
es the accumulation of electrons upstream to the block- 
ade, thereby stimulating ROS production. 

Mitochondrial respiration is tighdy linked to ATP syn- 
thesis (40). It may thus be speculated that DpHB, by 
restoring oxygen consumption in MPTP-intoxicated ani- 
mals, may increase ATP cdlular stores. Ablation and inhi- 
bition of poly(ADP-ribose)polymerase-l (41,42) and cre- 
atine supplements (43) mitigate MPTP-induced death of 
dopaminergic neurons in the SNpc by buffering ATP 
depletion. These studies underscore the importance of 
ATP defidt in the MPTP neurodegenerative process. In 
normal rodents, dopaminergic structures represent less 
than 15% of the cellular elements in the striatum (44) and 
hardly more in the ventral midbrain. This renders pre- 
carious any detection of ATP changes in brain tissues of 
MFTP-intoxicated mice (45). To avoid this problem, we 
studied the effects of DpHB on ATP production in iso- 
lated brain mitochondria By this approach, we were able 
to demonstrate that DPHB does increase ATP levels in 
both the absence and the presence of complex I 
inhibitors. Consistent with the oxygen-consumption 
data, we also found that the stimulation of ATP produc- 
tion by DpHB likely relies on complex n, as inhibitors of 
this electron transport chain enzyme eliminated the 
eflect. Data generated in isolated mitochondria may only 
approximate the more complex situation found in vivo. 
Despite this caveat, we believe that the most parsimo- 
nious explanation for DpHB-induced neuroprotection in 
the MPTP model of PD is that enetgy crisis is attenuated 
by an enhancement of oxidative phosphorylation. It is 
thus tempting to condude diat, under die current DpHB 
regimen, the benefit due to the improved ATP produc- 
tion overcomes the possible detriment due to the 
increased ROS formation in this PD model. 

The present study demonstrates that modulation of 
body DpHB levels may be a straightforward neuropro- 
tecdve strategy for the treatment of neurodegenerative 
diseases such as PD. Relevant to this view is the demon- 
stration that mice subjected to dietary restriction (e.g., 
alternate-day fasting) exhibit higher serum DpHB con- 
centrations and are more resistant to kainic acid- 
induced hippocampus damage (46) and to MPTP- 
induced SNpc damage (47). At this point, however, the 
long-term effects of the chronic use of DPHB on the cell 
metabolism and, espedally, on the mitochondrial func- 
tion are not known. DpHB has been administered oral- 
ly for several months to two 6-month-old infants with 
hyperinsulinemic hypoglycemia (48). Despite the high 
dosage (up to 32 g/d), these patients seem to tolerate 
quite well. In addition, the ketogenic diets, which result 
in high levels of DpHB, have been used for more than 
70 years in humans as a treatment for refractory epilep- 
sy and have proven safe and well tolerated. 
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Engineered modeling and the 
secrets of Parkinson's disease 
n/liquel Vila, Du Chu Wu and Serge Przedborski 

The development of new methods for manipulating the animal genome by triansgenic 

and gene-targeting technologies provides a unique means of studying the most intimate 

aspects of countless human diseases, including Parkinson's disease (PD). In this 

review, the contribution of such engineered models to our current understanding of the 

pathbphysiolbgy, etiology and pathogenesis of PD will be discussed. 

Parkiiison s disease (PD) is a commoii neurodegenerative 

disorder, the: cardinal clinical features of which include 

tremor, stifihess, slowness of movement and postural 

instability'. It is estimated that, in the USA alone, more 

than onemiUion individuals are currendy affected by this 

disabling disease'. However, because the incidence of PD 

rises with age', it is expected that this number wiU 

increase significandy in the future because of the aging 

character of society. Despite this bleak perspective, several 

recent discoveries have unquestionably brought closer the 

day when the secrets of PD will be unlocked. A rapid sur- 

vey of PD research not only shows the impressive pace at 

which advances have been made, but also that the bulk of 

published studies can be divided into three groups: those 

that investigate the pathophysiology of PD (that is, neuro- 

chemical perturbations), those that Search for the 

etiology of PD (the cause), and those that explore the 

pathogenesis of PD (the mechanisms of neuronal death). 

This review investigates these three approaches to PD 

research through the appraisal of engineered models, 

which are, in our opinion, the spearhead of most of the 

recent breakthroughs accomplished in this field (Table 1). 

The goal of this review is to present an overview of the 

many recent advances in PD and not an in-depth discus- 

sion of selected topics. For further information on any of 

the presented subjects, the reader is encouraged to peruse 

the original articles referenced in this review. 

Pathophysiology of PD 
The main, but not sole, neurochemical alteration of PD is 

the deficit in brain dopamine, which is beUeved to be the 

primary culprit in the development of the motoric and 

non-motoric manifestations of PD (Ref 1). This view is 

supported by the finding that administration of the 

dopamine precursor L-DOPA, which replenishes the brain 

with dopamine, alleviates most of the signs of PD. 

However, although L-DOPA is essential for the fine control 

of motor function, it is not necessary for the normal 

development of the brain circuitry within which 

dopamine plays such a pivotal role. Indeed, mutantmice 

deficient in tyrosine hydroxylase (TH), the rate-limiting 

enzyme in dopamine synthesis, produce almost no 

dopamine and yet harbor a normal cytoarchitecture with- 

in the basal gangUa and the different midbrain dopamin- 

ergic neuronal groups^. Remarkably, pigmented TH~'~ 

mice have more dopamine levels in the brain than their 

albino counterparts, presumably owing to the conversion 

of tyrosine to L-DOPA by the melanin-synthesizing 

enzyme tyrosinase^. If a similar phenomenon exists in 

humans then PD patients with pigmented skin or those 

Hving in sunny regions would have higher residual 

dopamine in the brain and thus fare clinically better 

than others. 

Transgenic and homologous recombination tech- 

nology has been extensively used to manipulate different 

factors in dopamine metaboUsm. Most of these smdies 

have investigated the contribution of dopamine on spon- 

taneous and drug-induced motor and non-motor behav- 

iors. From these studies, it appears that ablation of either 

of the two key enzymes responsible for dopamine catab- 

olism, namely monoamine oxidase (MAO) and catechol- 

O-methyl-transferase, fails to alter brain dopamine levels 

or locomotor activity, although all of the mutant mice 

studied were foimd to exhibit increased aggressive be- 

havior*''. Similarly, mice heterozygous for vesicular 

monoamine transport-2 (VMAT-2), which is the brain 
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Table 1. Selected engineered models used in the study 
of Parkinson's disease^ 

Category ,  ,^ '    : 

Pathophysiology 

Tyrosine hydroxylase '" mice 

Monoatrino oxidase"'" mice 

Catechol-O-methyl-transferase"'" mice 

Vesicula' monoamine transporter'" mice 

Vesicular monoamine transporter transfected cells 

Doparhine transporter'* mice 

Dopamlne receptor'' mice 

Etiology 

a-Synuclein"'" mice 

oyiiui#Krfiii Licuio^citiu vwiiu~ijr|-ic>] /"ii^vji, rvour/ 

Pathogenesis 

Oxidative stress 

Cu-Zn-superoxIde dismutase"'" mice 

Manganese-superoxide dismutaset'" mice 

Glutattiione peroxidase"'" mice     • 

Monoamino-oxidase B transgenic 

Trophic factor support 
GDNF-'-mice 

BDNF-'-mice    ' 

TGFa"'" mice 

Mitochondria 

Adenine nucleotide translocator'" mice .■ 

Complex I 'cybrids'   ' , ,       - 

Refs 

2,3 

4 

5\ 

6 

7 

8 

9 

12 

13-18 

26 

28 

26 

29 

30 

31 

34 

35 

36 

^Abbreviations: BDNF, brain-derived neurotrophic factor; GDNF, glial-derived 
neurotrophic factor; TGF, trarisforming grovrth factor. 

carrier that enables translocation of cytosolic 

monoamines into synaptic vesicles, also show minimal 

baseline abnormalities'. Howrever, as predicted, 

VMAT-2+'" mice exhibit diminished extracellular striatal 

dopamine levels, as well as reduced K*- and amphet- 

amine-evoked dopamine release'. Conversely, VMAT-2 

overexpression in small synaptic vesicles of transfected 

dopaminergic neurons shows increased quantal size and 

frequency of dopamine release consistent with the 

recruitment of synaptic vesicles, which do not normally 

release dopamine'. Together, these studies demonstrate 

that VMAT-2 is a critical regulator of the rate of transmit- 

ter accumulation and synaptic strength in the monoamine 

system. Mutant mice deficient in dopamine transporter 

(DAT) are spontaneously much more metabolically 

perturbed in that, by virtue of lacking the abihty to recap- 

ture released dopamine, they exhibit a dramatic increase 

in striatal extracellular dopamine levels and are already 

grossly hyperactive at baseline*. This abnormal motor 

behavior is probably related to a hyperstimulation of the 

postsynaptic dopaminergic receptors in response to the 

higher extracellular content of dopamine. If this interpre- 

tation is correct, then it also explains why mutant mice 

deficient in at least dopamine D2 receptors have an 

impaired capacity for responding to extracellular 

dopamine and why, as a consequence, are so hypoactive'. 

As expected, this poor locomotor activity could not be 

improved by the administration of dopamine agonist'. In 

agreement with our current knowledge of the distribu- 

tion and function of the minor dopamine receptors, 

manipulation of D3-, D4- and DS-receptor expression 

demonstrates that they all seem to exert opposing 

motoric effects to those of the D2 receptor'. 

The aforementioned studies indicate that many tools 

are already available to target key components of the 

dopamine system, including its synthesis and degra- 

dation, its intracellular compartmentalization, its 

release, and its postsynaptic neurotransmission. So far, 

published data demonstrate that, unless conspicuous 

changes in striatal dopamine or in dopamine postsynap- 

tic neurotransmission occurs, no gross motor abnormal- 

ities arise in these engineered animals. This conclusion 

is consistent with the finding that parkinsonism 

emerges in humans only after severe alterations in 

dopaminergic pathways'. 

Etiology of PD 

The cellular basis of PD is a dramatic loss of dopaminer- 

gic neurons, primarily in the substantia nigra pars com- 

pacta (SNpc)'. The cause of PD neurodegeneration 

remains unknown. However, the discovery that rare famil- 

ial forms of PD are linked to genetic mutations has raised 

the prospect that, through the study of these unique pedi- 

grees, some hints into the etiology of PD can be obtained. 

So far, five disease-causing loci and mutations in three 

genes, as well as several allehc associations, have been 

linked to PD'. Mutant proteins derived from causal mu- 

tations include: (1) a-synuclein, which is linked to an 

autosomal dominant form of PD; (2) parkin, which is 

linked to an autosomal recessive form of early-onset PD; 

and (3) ubiquitin carboxy-terminus hydrolase LI 

(UCH-Ll), which is linked to an autosomal dominant 

form of typical PD. Other mutations have been identified 

in association with clinical syndromes that comprise 

parkinsonism, such as point mutations in the Tau gene'". 

S50 
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Table 2. Transgenic a-synuclein animals^ 

Species     Form of a-synuclein    Promoter        Loss of Striatal     Inclusions 
SNpc DA DA 
cells deficit 

Mouse Wild-type PDGF No Yes 

Mouse Wild-type and mutant     Thy-1 
(A53T) 

Mouse        Mutant (A30P) 

Mouse        Wild-type and mutant     TH 
(A53T, A30P) 

Mouse Wild-type and mutant     Thy-1 
(A30P) 

Drosophila Wild-type and mutant     GAL4 
(A53T, A30P) 

No 

Thy-1 and TH No 

No 

No 

Yes 

No 

No 

No 

No 

Yes Yes 

Motor 

deficits 

Nuclear and cytoplasmic, no fibrillar Yes 
aggregates, in neocortex, hippocampus 
and, 'occasionally' in SN 

Lewy-like pathology, especially in motor       Yes 
neurons 

Somal and neuritic accumulation of No 
mutant a-synuclein 

No No 

Abnormal accumulation of a-synuclein No 
in cell bodies and neurites 

Yes 

Refs 

13 

14 

15 

16 

17 

18 

^Abbreviations: DA, dopamine; PDGF, platelet-derived growth factor; SN, substantia nigra; SNpc, substantia nigra pars compacta; TH, tyrosine 
hydroxylase 

which in humans causes a form of frontotemporal 

dementia with parkinsonism. 

a-Synuclein and PD 
To date, two PD-causing missense mutations in a- 

synuclein (AS3T and A30P) have been identified'. 

Cytotoxicity of mutant a-synuclein is probably related to 

the fact that both identified point mutations might 

enhance the propensity of this small presynaptic protein 

to interact with other proteins and aggregate" to form 

Lewy-body-like intraneuronal inclusions, a pathologic 

hallmark of PD (Ref l).The lack of a-synuclein results in 

neither the parkinsonian phenotype nor alterations in 

dopaminergic pathways in mice''^. Still, these mutant ani- 

mals exhibit increased dopamine release following paired 

stimuli, a mild reduction in striatal dopamine content 

and an attenuation of dopamine-dependent locomotor 

response to amphetamine, suggesting that a-synuclein 

negatively regulates dopamine neurotransmission. More 

complicated is the situation of transgenic animals over- 

expressing either wild-type or mutant a-synuclein, 

which have generated inconsistent results (Table 2). For 

instance, overexpression of wild-type a-synuclein driven 

by platelet-derived growth factor promoter is associated 

with the accumulation of a-synuclein- and ubiquitin- 

immunoreactive inclusions reminiscent of Lewy bodies 

in the neocortex, hippocampus and occasionally in the 

substantia nigra'^. Despite an absence of nigral 

dopamine-mediated neuronal loss, aged transgenic ani- 

mals show a reduction in striatal TH protein content and 

enzymatic activity that ascribes to impaired motor per- 

formance. In a second line of transgenic mice over- 

expressing either the wild-type or mutant allele, 

a-synuclein-containing inclusions with some neuronal 

death were found in the spinal cord but not in the SNpc, 

where the promoter used is not expressed''*. And, in three 

additional lines of transgenic animals in which expres- 

sion of wild-type or mutant a-synuclein is driven by 

either a neuronal glycoprotein Thy-1 promoter or a TH 

promoter that enables transgene expression in SNpc, no 

nigrostriatal pathology was found at all'^"'^ Unlike the 

mouse, expression of wild-type or mutant a-synuclein in 

fruit flies reproduces most of the features of PD, includ- 

ing a selective age-dependent loss of dorsomedial 

dopaminergic neurons, Lewy-body-like a-synuclein- 

positive inclusions and a progressive age-dependent 

locomotor dysfunction''. Because a-synuclein can be 

damaged by oxidative stress"'^", it is worth mentioning 

that fruit flies have a more intense oxidative metabohsm 

than mice. Thus, it is possible that the apparent discrep- 

ancy between the inconsistent and subde abnormalities 

found in transgenic a-synuclein mice and the robust 

alterations found in transgenic a-synuclein Drosophila is 

related to a different degree of post-translational modifi- 

cation of a-synuclein inflicted by oxidative stress. 

Ubiquitin metabolism-linked mutations and 
famiiial parkinsonism 
As indicated previously, another PD-causing mutation 

(I93M) is found in the gene encoding UCH-Ll, a key 

http://trends.com S51 
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Non-DA neuron 

. Micrpglial cell 

^p^p    MAO-BKO^^pp, 

VMAT 
transfected cells  '' 

^VMAr'-       _ MPP 

OvMAT 
S0D1 Tg 

DATTg 
DAT    DAT KO 

'0 
Inhibition of 

mitochondrial 
respiration 

S0D1 KO 
GPxKO 

or 

ONOO- 

BaxKO 
Bcl-2 Tg 

Programmed 
cell death 

DNA'strand breaks 
PARF^ activation 
NAD depletion 

Lipid peroxidatlon 
Protein nitration 

TRENDS in Neumsdences 

Figure 1. Engineered manipulations Of MPTP molecular mechanism 
Engineered animals (Icnockouts, KO, or transgenics, Tg) enable targeting of specific molecular factore hypothesized to'be instrtnhentatln 
the demise of dopaminergic neurons induced by the parkinsonian neurotoxin MPTP. Intervention aimed at blocking neurojoxic effepts.of 
MPTP is shown in red. Intervention aimed at enhancing the neurotoxic effects of MPTP is shown in green. Further infonnation regarding the 
use of engineered animals in the MPTP model can be found in Ref. 24. Abbreviations: DAT, dopaminei transporter^ GPXi'glutathiOhe:    ■    : 
peroxidase; iNOS, inducible nitric oxide synthase; MAO-B, monoamino oxidase B;,MPP*, 1-methyJ-4-phenylpyridinium;.MPTP, 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine; nNOS, neurorial nitric oxide synthase; PARP, poiy(ADP-ribose) polymerase; SODI, oopper-ziric ' 
superoxide dismutase; VMAT, vesicular monoamirie tranSpbrter, " "■' . J     ;   E 

enzyme in the ubiquitin pathway^'; This is an exciting 

finding iii light of the fact that ilbiquitui is- highly 

expressed in Lewy bodies and that parkin, which, upon 

mutation, causes a juvenile form of PD, possesses a ubiqui- 

tin-related actlvity^^ Although, So far, no engineered ani- 

mals exist for either UCH-Lt or parkin mutations, it has 

been estabUshed that the gracUe axonal dystrophy (gad) 

mutant moiise carries a spontaneous autosonial recessive 

mutation resulting in an' in-frame deletion of UCH-Ll^'. 

These mutant mice do not show any chniGal or pathologi- 

cal similarity to PD patients harboring UCH-Ll mutation, 

but they represent the first mammahan model of neuro- 

degeneration with a defect in the ubiquitki systejn. 

Pathogenesis of PD 
Following the initiation of the disease by an etiological 

factor, mounting evidence indicates that a cascade of 

deleterious events is set in motion, which will ultimately 

be responsible for the demise pf doparriinergic neurons. 

Over the years, several pathogenic hypotheses have been 

proposed and, with the deVeloptnent of engineered ani- 

mals, these are now testable. .Investigations-geared 

toward studying the pathogenesis of PD can be divided 

into two broad categories: (.1) those in which engi- 

neered animals are used directly-to test hypothesized 

pathogenic mechanisms; and (2) those in which engi- 

neered animals are used to modulate the susceptibihty of 

dopaminergic neturons to .a given insult,^ such as the 

parkinsonian neurotoxin 1 -methyl^4-phenylr 1,2,3,6- 

tetrahydropyridine (MPTP)" or rotenone^^.   ^ 

Engineered animals used to test PD pathogenic 
mechanisms directly 

The most popular pathogenic hypotheses for PD include 

oxidative stress (related to dopamine metabohsm or 

other mechanisms), inappropriate trophic support, reac- 

tivation of apoptosis, excitotoxicity, an4 mitochondrial 

dysfunction, hi keeping with these dominant themes, it is 

552 http'7/trends.com 
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relevant to mention that mice lacking various key scav- 

enging enzymes for reactive oxygen species (ROS) do not 

Show overt SNpc neurodegeneration^*'^^^'. By contrast, 

transgenic mice overexpressuig the dopamine-metabohz- 

ing enzyme MAO-B show no actual neuronal death but 

do exhibit a striking atrophy of SNpc neurons^', probably 

caused by increased ROS production during dopamine 

deamination. Even more dramatic is the efTect of the lack 

of trophic factors. First, mutant mice deficient in ghal- 

derived neurotrophic factor (GDNF) or brain-derived 

neurotrophic factor (BDKF) do not survive beyond post- 

natal day 21 (Refs 30 and 31). GDNF"^- neonates suffer 

from major abnormahties in both peripheral and central 

noradrenergic netuons, although midbrain dopamine 

neurons appear intact'".This observation is quite surpris- 

ing given the importance of GDNF in dopaminergic 

neuron survival'^ and the intense developmental SNpc 

neuronal death seen in the mouse'', a phenomenon 

thought to be highly sensitive to trophic support. More 

in hne with this latter argument is the fact that mutant 

micedefiGient in transforming growth factor-a have a 

significantly lower number of SNpc dopaminergic 

neurons than their wrild-type Mttermates'*; but here, 

sirrprisingly, the other midbrain dopaminergic neinonal 

populations appear unaffected by the lack of this trophic 
factor'*. 

In connection, with the proposed role of mitochon- 

dria as die liiain source of ROS responsible for the oxida- 

tive attack in PD, it has been demonstrated that oxidative 

phosphorylation can be inhibited by ablating the ade- 

nine nucleotide translocator (Ant-1), thus resulting in 

widespread oxidative damage in these mice". However, 

contrary to this hypothesis, the brunt of Ant-1 deficit 

was found in muscles and not in the SNpc (or in the 

brain as a whole)'^. Furthermore, in c^Us, transgenicity 

(cytoplasmic hybrids or 'cybrids') has been used to 

evaluate the-consequences of the defect in complex I in 

Pp (Ref 36). In this study, cybrid cells with reduced 

< complex I activity exhibit a variety of major functional 

alterations, vvhich aJl have potential pathogenic signifi- 

'cance and could easily, either separately or in combina- 

tion, kill SNpc dopaminergic neurons. Finally, there are 

several mouse models with SNpc alterations diat occur 

for imdear reasons. These include: (1) transgenic mice 

expressing a mutant form of the enzyme superoxide dis- 

mutase-1 (SODl), which not only show a loss of spinal 

cord motor neurons but also a reduction in the number 

of SNpc dopaminergic neurons?'; (2) mice lacking 

the orphan nuclear receptor Nurr-1, which fail to gen- 

erate midbrain dopaminergic neurons and are hypOac- 

tive'^j (3) mutant mice lacking engrailed genes En-1 and 

En-2, showing that these geties control the survival of 

midbrain dopaminergic neurons in a dose-dependent 

manner and regulate the expression of a-synuclein"; 

(4) mice knockout for the estrogen receptor-P, which 

exhibit several morphological brain abnormalities and a 

pronounced neuronal degeneration with aging, particu- 

larly in the SNpc*°; and (5) mice deficient in the ATM 

gene (known to be involved in DNA repair), and which 

also develop severe degeneration of SNpc dopaminergic 

Engineered animals used to modulate the 
susceptibility of dopaminergic neurons to a 
given insult 
To date, several potent neinrotoxins have been used to 

duphcate liiost of the biochemical and neuropathological 

haUmarks of PD. Worth noting, however, is the fact that 

the chronic infusion of the mitochondrial poison 

rotenone into rats seems to be the only toxin-induced 

animal model of PD. that is unequivocal in showing 

Lewy-body-hke intraneuronal inclusions'^. So far, how- 

ever, rotenone-induced SNpc toxicity has only been doc- 

mnented in rats'^ and, to our knowledge, has yet to be 

used in engineered animal models, which precludes its 

discussion here. The situation is quite different for MPTP, 

which has been used in transgenic and knockout mice-'^ 

and which has contributed significandy to our current 

understanding of the pathogenesis of PD. After the first 

wave of fruitful studies in the 1980s led to the character- 

ization of the key steps in MPTP metabohsm, this neuro- 

toxiii had a second wave, of interest with the advent of 

engineered animals'*. This • powerful • combination has 

provided a weU-recognized and validated tool to not only 

injure, specifically, dopaminergic neurons but also to tar- 

get specific rholecular factors hypothesized to be instru- 

mental in the demise of these neurons (Fig. 1). The 

benefit of this dual approach has definitively confirmeid 

the nature of those factors that determine the lieurotoxic 

potency, of MPTP (ReC 24). For instance, it has been 

shown that mutant mice deficient in MAO-B fail to trans- 

form the pro-toxin MPTP into its active metabohte 

l-methyl-4-phenylpyridinium (MPP*') and consequendy 

are refractory to the deleterious effect of this toxin*'. 

Mutant mice deficient in DAT are also resistant to MPTP*', 

thus confirming the mandatory role of DAT in MPP*' entry 

into dopaminergic neurons and the ensuing cytotoxicity. 

As for VMAT-2, which enables MPP'*' sequestration into 

synaptic vesicles, engineered mice have shown that the 

lower the VMAT-2 expression, the greater the MPTP- 

induced dopaminergic toxicity**. This shows how crucial 

cyfosohc MPP* is to the MPTP neurotoxic process. 

This coihbined approach has also shed hght on the 

molecular mechanisms that could be of importance to 
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unraveling the pathogenesis of PD (Fig. 1). It is well 

established that once MPP^ is in the dopaminergic neu- 

ron, it is actively concentrated into the mitochondria 

where, through its binding to complex I, it interrupts 

the flow of electrons, which leads to a deficit in ATP for- 

mation and to increased production of ROS, especially 

superoxide radical^*. The importance of the latter in the 

neurotoxic process of MPTP is supported by the finding 

that transgeiuc mice with increased activity of SODl, 

the key protective enzyme against superoxide, are more 

resistant to MPTP than their non-transgenic littermates, 

whereas mutant mice deficient in SODl or in glu- 

tathione peroxidase are more sensitive^*-^'. However, it 

is known that superoxide, which is poorly reactive, is 

unlikely to be the sole mediator of oxiViatlve damage 

inflicted on dopaminergic ^neturons following MPTP 

administration. To circumvent this issue, it has been 

proposed that superoxide reacts with nitric oxide (NO), 

a small molecule present in great abundance in the 

brain, to produce the highly reactive tissue-damaging 

species, peroxynitrite. Relevant tc the hypothesized 

Involvement of peroxynitrite in MPTP-induced neiuronal 

death are the observations that mutant mice deficient in 

either neuronal or inducible NO synthase are partially 

protected against MPTP (Refs 24 and 27) by depleting 

NO in the brain. Another consequence of MPTP attack or 

intoxication is the activation of the apoptotic cascade, an 

active form of cell death, presumably itiiphcated in the 

overall neiurodegenerative process in PD. So far, support- 

ive evidence for this pathogenic mechanism is provided 

by the finding that ablation of the pro-apoptotic protein 

Bax in mutant mice*^ or, conversely, overexpression of 

the anti-apoptotic protein Bcl-2 in transgenic mice, 

attenuates dopaminergic neturonal death caused by 

MPTP (Ref 24). 

Concluding remarks 
In this review, we have tried to compile the most recent 

and significant reports dealing with the complex issue of 

how to better understand and treat PD. Using the angle of 

engineered models, We have shown how eclectic and 

important the advances accomplished in the field of PD 

research are. From this, it clearly emerges that the contri- 

bution of transgenic and knockout animals has been, and 

will continue to be, tremendous as far as the study of the 

pathogenesis of PD is concerned. To date, comparable 

strides have not been achieved in the study of the etio- 

logy of PD but, with several PD-linked gene mutations 

still to be tested using this technology, it is our opinion 

that brighter days are ahead and major breakthroughs, 

which could change the landscape of PD, are just around 

the corner. 
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Parkinson's disease (PD) is a common disabling neuro- 
degenerative disorder the cardinal clinical features of which 
include tremor, rigidity and slowness of movement (Fahn 
and Przedborski 2000). These symptoms are attributed 
mainly to a profound reduction of dopamine in the 
striatum due to a dramatic loss of dopaminergic neurons 
in the substantia nigra pars compacta (SNpc) (Fahn and 
Przedborski 2000). Thus far, both the cause and the 
mechanisms of PD remain unknown. Over the years, 
investigators have used experimental models of PD 
produced by several compounds such as reserpine, 
6-hydroxydopamine, methamphetamine, and l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP) to provide 
insights into the mechanisms responsible for the demise of 
dopaminergic neurons in PD. To this end, MPTP has 
emerged unquestionably as a popular tool for inducing a 
model of PD in a variety of animal species including 
monkeys, rodents, cats, and pigs (Kopin and Markey 1988). 
The sensitivity to MPTP and therefore its ability to induce 
parkinsonism closely follows the phylogenetic tree where 
the species most closely related to humans are the most 
vulnerable to this neurotoxin. Due to the significant 
neurotoxicity of MPTP, it is important that researchers 
appreciate the potential hazards of this toxin. Given this, the 
purpose of this review is to inform the researcher of the 
hazardous nature of MPTP and to provide guidance for its 
safe handling and use. 

MPTP models of PD 

MPTP is a by-product of the chemical synthesis of a 
meperidine analog with potent heroin-like effects. MPTP 

can induce a parkinsonian syndrome in humans almost 
indistinguishable from PD (Langston and Irwin 1986). 
Recognition of MPTP as a neurotoxin occured early in 1982, 
when several young drug addicts mysteriously developed a 
profound parkinsonian syndrome after the intravenous use 
of street preparations of meperidine analogs which, 
unknown to anyone, were contaminated with MPTP 
(Langston et al. 1983). In humans and non-human primates, 
depending on the regimen used, MPTP can produce an 
irreversible and severe parkinsonian syndrome that repli- 
cates almost all of the features of PD, including tremor, 
rigidity, slowness of movement, postural instability, and 
even freezing; in non-human primates, a resting tremor 
characteristic of PD has only been demonstrated convin- 
cingly in the African green monkey (Tetrud et al. 1986). The 
responses, as well as the complications, to traditional 
antiparkinsonian therapies are virtually identical to those 
seen in PD. It is believed that in PD the neurodegenerative 
process occurs over several years, while the most active 
phase of neurodegeneration is completed within a few 
days   following   MPTP   administration   (Langston   1987; 
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Jackson-Lewis et al. 1995). However, recent data suggest 
that, following the main phase of neuronal death, MPTP- 
induced neurodegeneration may continue to progress 
'silently' over several decades, at least in humans intoxi- 
cated with MPTP (Vingerhoets et al. 1994; Langston et al. 
1999). Except for four cases (Davis et al. 1979; Langston 
et al. 1999), no human pathological material has been 
available for studies and thus, the comparison between PD 
and the MPTP model is largely limited to primates (Fomo 
et al. 1993). Neuropathological data show that MPTP 
administration causes damage to the nigrostriatal dopami- 
nergic pathway identical to that seen in PD (Agid et al. 
1987), yet there is a resemblance that goes beyond the loss 
of SNpc dopaminergic neurons. Like PD, MPTP causes 
greater loss of dopaminergic neurons in SNpc than in ventral 
tegmental area (Seniuk et al. 1990; Muthane et al. 1994) 
and, at least in monkeys treated with low doses of MPTP but 
not in humans, greater degeneration of dopaminergic nerve 
terminals in the putamen than in the caudate nucleus 
(Moratalla et al. 1992; Snow et al. 2000). However, two 
typical neuropathologic features of PD have, until now, been 
lacking in the MPTP model. First, except for SNpc, 
pigmented nuclei such as locus coeruleus have been spared, 
according to most published reports. Second, the eosino- 
philic intraneuronal inclusions, called Lewy bodies, so 
characteristic of PD, thus far, have not been convincingly 
observed in MPTP-induced parkinsonism (Fomo et al. 
1993), although, in MPTP-injected monkeys, intraneuronal 
inclusions reminiscent of Lewy bodies have been described 
(Fomo et al. 1986). 

Modes of administration 

To date, the most frequently used animals for MPTP studies 
are monkeys, mice and rats. The administration of MPTP 
through a number of different routes using different dosing 
regimens has led to the development of several distinct 
models, each characterized by some unique behavioral and/ 
or biochemical features. The manner in which these models 
were developed is based on the concept of delivering MPTP 
in a fashion that creates the most severe and stable form of 
SNpc damage with the least number of undesirable 
consequences such as acute death, dehydration and mal- 
nutrition. Although MPTP can be given by a number of 
different routes, including gavage and stereotaxic injection 
into the brain, the most common, reliable, and reproducible 
lesion is provided by its systemic administration (i.e. 
subcutaneous, intravenous, intraperitoneal or intramuscular). 

Monkeys 
The most commonly used regimens in monkeys are the 
multiple intraperitoneal or intramuscular injections and the 
intracarotid infusion of MPTP (Petzinger and Langston 
1998). The former is easy to perform and produces a 

bilateral parkinsonian syndrome. However, often the 
monkey exhibits a generalized parkinsonian syndrome so 
severe that chronic administration of levodopa is required to 
enable the animal to eat and drink adequately (Petzinger and 
Langston 1998). On the other hand, the unilateral intra- 
carotid infusion is technically more difficult, but causes 
symptoms mainly on one side (Bankiewicz et al. 1986; 
Przedborski et al. 1991), which enables the monkey to 
maintain normal nutrition and hydration without the use 
levodopa. 

For many years monkeys were mainly, if not exclusively, 
treated with harsh regimens of MPTP to produce an acute 
and severe dopaminergic neurodegeneration (Petzinger and 
Langston 1998). More recently, several investigators have 
treated monkeys with low doses of MPTP (e.g. 0.05 mg/kg 
2-3-times per week) for a prolonged period of time (i.e. 
weeks to months) in an attempt to better model the slow 
neurodegenerative process of PD (Schneider and Roeltgen 
1993; Bezard et al. 1997; Schneider et al. 1999). While both 
the acute and the chronic MPTP-monkey models are 
appropriate for the testing of experimental therapies 
aimed at alleviating PD symptoms, it is the chronic model 
that is, presumably, the most suitable for the testing of 
neuroprotective strategies. 

Mice 
In addition to monkeys, many other mammalian species are 
also susceptible to MPTP (Kopin and Markey 1988; 
Heikkila et al. 1989; Przedborski et al. 2000). Mice have 
become the most commonly used species for both technical 
and financial reasons. However, several problems need to be 
emphasized. First, mice are much less sensitive to MPTP 
than monkeys; thus, much higher doses are required to 
produce significant SNpc damage in this animal species, 
presenting a far greater hazardous situation. Second, in 
contrast to the situation in monkeys, mice treated with 
MPTP do not develop parkinsonism. Third, the magnitude 
of nigrostriatal damage depends on the dose and dosing 
schedule (Sonsalla and Heikkila 1986). 

Rats 
The use of MPTP in rats presents an interesting situation 
(Kopin and Markey 1988). For instance, rats injected with 
mg/kg doses of MPTP comparable to those used in mice do 
not exhibit any significant dopaminergic neurodegeneration 
(Giovanni et al. 1994a; Giovanni et al. 1994b). Conversely, 
rats injected with much higher doses of MPTP do exhibit 
significant dopaminergic neurodegeneration (Giovanni et al. 
1994a; Giovanni etal. 1994b) although, at these high doses, 
rats have to be pretreated with guanethidine to prevent 
dramatic peripheral catecholamine release and extensive 
mortality (Giovanni et al. 1994a). These findings indicate 
that rats are relatively insensitive to MPTP, but regardless of 
this drawback, rats continue to be used often in MPTP 
studies (Storey et al. 1992; Giovanni et al. 1994a; Giovanni 
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et al. 1994b; Staal and Sonsalla 2000; Staal et al. 2000). In 
rats, the systemic administration of MPTP is rarely used and 
the vast majority of studies involve the stereotaxic infusion 
of MPTP's toxic metabolite, l-methyl-4-phenylpyridinium 
(MPP"^) (Storey et al. 1992; Giovanni et al. 1994a; Giovanni 
et al. 1994b; Staal and Sonsalla 2000; Staal et al. 2000). 

Intervening factors 

Several factors influence the reproducibility of the lesion in 
monkeys, rats, and mice. However, to our knowledge, the 
extensive and systematic assessment of these factors has 
only been done in mice, and can be found in the following 
references (Heikkila et al. 1989; Giovanni et al. 1991; 
Giovanni et al. 1994a; Giovanni et al. 1994b; Miller et al. 
1998; Hamre et al. 1999; Staal and Sonsalla 2000), the 
highlights of which can be summarized as follows: different 
strains of mice (and even within a given strain obtained from 
different vendors) can exhibit strikingly distinct sensitivity 
to MPTP. This differential sensitivity acts in an autosomal 
dominant fashion (Hamre et al. 1999). Gender, age, and 
body weight are also factors that modulate MPTP sensitivity 
as well as reproducibility of the lesion, in that female mice 
are less sensitive and exhibit more variability in the extent of 
damage than males, as do mice younger than 8 weeks and 
lighter than 25 g. From our experience, optimal reproduci- 
bility in MPTP neurotoxicity is obtained using male C57 
BL/6 mice 8-10 weeks of age and 25-30 g in weight. Also 
of importance is that, following MPTP administration, some 
mice will die within the first 48 h postinjection; note that 
C57 BL/6 mice from different vendors exhibit dramatically 
different magnitudes of acute lethality, ranging from 5% to 
90%. This common issue is unlikely related to a toxic effect 
in the central nervous system but rather toxicity to the 
peripheral nervous and cardiovascular systems. Although, to 
our knowledge, this possibility has never been formally 
studied, we believe that, following acute MPTP administra- 
tion, mice develop fatal alterations in heart rate and blood 
pressure. Moreover, MPTP intoxication causes a transient 
drop in body temperature, which not only can modulate the 
extent of dopaminergic damage (Moy et al. 1998), but can 
also contribute to acute lethality. Death rate can be reduced 
by maintaining the body temperature of the injected mice 
using a temperature-controlled warming pad (do not use a 
lamp, which can kill mice by overheating them as there is no 
control of the temperature). 

Metabolism of MPTP 

MPTP has a complex multistep metabolism (Tipton and 
Singer 1993; Przedborski et al. 2000). It is highly lipophilic, 
and freely and rapidly crosses the blood-brain barrier. 
Within a minute after MPTP injection, levels of the toxin are 
detectable in the brain (Markey et al. 1984). Once in the 

brain, MPTP is metabolized to l-methyl-4-phenyl-2,3- 
dihydropyridinium (MPDP"*") by the enzyme monoamine 
oxidase B (MAO-B) in non-dopaminergic cells. Then 
MPDP"*" is oxidized to the active MPTP metabolite, 
MPP"*", which is then released into the extracellular space, 
where it is taken up by the dopamine transporter and is 
concentrated within dopaminergic neurons, where it exerts 
its toxic effects. The essential role of these different 
metabolic steps in MPTP-induced neurotoxicity and the 
fact that MPP'*' is the actual culprit are demonstrated by the 
following observations: (1) pretreatment with MAO-B 
inhibitors such as deprenyl prevents MPTP biotransforma- 
tion to MPP"*" and blocks dopaminergic toxicity (Heikkila 
et al. 1984; Markey et al. 1984); (2) pretreatment with 
dopamine uptake inhibitors (e.g. mazindol) prevents MPP"^ 
entry into dopaminergic neurons and also blocks dopami- 
nergic toxicity (Javitch et al. 1985), at least in mice; and (3) 
striatal MPP"^ content correlates linearly with dopaminergic 
toxicity in mice (Giovanni et al. 1991). 

Body distribution and environmental 
contamination 

Knowing where MPTP and its toxic metabolite, MPP"^, 
accumulate both inside and outside of the body of the 
injected animal following MPTP administration is germane 
to the formulation of any set of standard practices for the 
safe use of MPTP. 

Following MPTP administration to both mice and 
monkeys, only the interior surfaces of the cage, the surfaces 
that the animals and/or their excreta could physically touch, 
including food and drinking bottle, are contaminated with 
MPTP and its metabolites (Yang et al. 1988). Conversely, 
no evidence of contamination is found outside of the cage or 
on the outside surrounding surfaces (Yang et al. 1988). At 
two days postinjection, 70% of the total injected dose of 
MPTP and its metabolites is recovered from the inside cage- 
wash, urine and feces, of which about 15% in mice and 2% 
in monkeys is unmetabolized MPTP, while the rest is due to 
MPTP metabolites, such as MPP"*". Moreover, it appears that 
the excretion of unmetabolized MPTP occurs mainly during 
the first day postinjection, while mainly MPTP metabolites 
are excreted up to 3 days postinjection (Yang et al. 1988). 
There is no evidence either in mice or in monkeys that 
MPTP and its metabolites are still being excreted after 
3 days post MPTP administration. Although high concen- 
trations of MPTP are found in the bile, the main route of 
MPTP excretion is the urine (Johannessen et al. 1986). 
MPTP in urine will likely be ionized and not volatile, and be 
well absorbed by the animal bedding. Also, less than 0.01% 
of the total injected dose of MPTP is detected as volatile 
MPTP, which probably originates from the animals exhaling 
MPTP or from vapors from contaminated urine (Yang et al. 
1988). 
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One day after an injection of radiolabeled MPTP to mice, 
most of the radioactivity is localized in the brain and the 
adrenal gland, while all other organs contain 50-75% lower 
amounts of radioactivity (Johannessen etal. 1986). Analysis 
of the radioactive species recovered from different organs 
and body fluids such as bile, urine, blood, and CSF 
demonstrates variable amounts of unmetabolized MPTP 
soon after injection, but by 12-24 h postinjection, essen- 
tially all of the radioactivity corresponds to MPP"^ (Markey 
et al. 1984; Johannessen et al. 1986). 

From the above, it appears that the potential risks of 
exposure to MPTP are through direct contact with the 
animal, the animal cage inner surfaces, and its bedding 
material. There is minimal risk from exposure due to 
airborne or vapor-borne forms of MPTP. Although safety 
procedures, as outlined below, must always be followed, the 
period of maximal risk of MPTP contamination is from the 
moment of injection to the time that MPTP or its metabolites 
are no longer found in the excreta of treated animals; as a 
precautionary measure, we recommend extending the 
period of high-risk from 3 days to 5 days post-MPTP 
injection. 

Personal protection 

Prior to discussing MPTP preparation, injection and animal 
experimentation, it is necessary to discuss the issues of the 
recommended facility and personal protective equipment 
(PPE). As a rule, only investigators and/or staff members 
who are trained in handling hazardous agents and who are 
familiar with MPTP safety procedures and practices should 
prepare and administer MPTP, and monitor the animals 
during the high-risk period (i.e. 5 days post-MPTP injec- 
tion). Of note, any staff member who undertakes these tasks 
should give informed consent and not be coerced into taking 
on MPTP-related duties. Moreover, it is strongly recom- 
mended that all aspects of the MPTP experiment, including 
storage and solution preparation, take place in a dedicated 
procedure room (for small animals) or area within the 
animal room (for large animals), and not in a regular 
laboratory. For personal safety, when using MPTP, 
researchers are required to wear the PPE described below, 
during the preparation of the MPTP solution, the injection 
period, and 5 days postinjection. Thereafter, regular 
laboratory attire as required to handle animals is sufficient. 

It is important to emphasize that in laboratories 
committed to MPTP research, one cannot exclude that 
exposure to even trace amounts of MPTP over many 
years of the same investigator and/or staff member 
may have negative consequences. This is one more 
reason why a heightened standard of protection must be 
implemented for any individual involved in MPTP 
experiments. 

Dedicated procedure room and area within animal 
room 

All MPTP experiments including preparation of solutions 
must be performed in a procedure or animal room under 
negative-pressure because aerosols from MPTP and its 
metabolites can be generated from bedding, excreta and 
animal fur. All animals should be acclimated to the room for 
4-7 days prior to any MPTP experiment to allow for 
monoamine stabilization before MPTP injection since 
monoamine level alterations may affect intragroup lesion 
reproducibility. The procedure or animal room should have 
a 12-h light-dark cycle, a bench with a working area, a sink, 
and be temperature-controlled. For small animals like mice, 
it should also be equipped with an animal rack to hold all of 
the cages and a fume hood. All furniture should be of 
stainless steel or of any material, except wood, that is acid- 
resistant and washable. All working surfaces including the 
fume hood and animal racks should be covered with 
materials that are absorbent on the face-up side and non- 
absorbent on the face-down side. The entire floor of the 
procedure room or working area in the animal room for 
large animals should be covered with plastic-backed 
absorbent sheets. A warning sign clearly stating 'Danger! 
MPTP Neurotoxin Use Area - Entry Restricted' must be 
posted on the outside of the procedure or animal room door. 
The room must be locked at all times and the animal care 
staff informed of the ongoing use of MPTP and its dangers. 
They must also be informed that this room is off limits 
unless allowed to enter by the responsible investigator. 

This procedure room or designated procedure area should 
be completely equipped with all of the necessary supplies 
for the MPTP experiments. It should also contain a sharps 
disposal container clearly labeled as hazardous waste, a 
container lined with a hazardous waste disposal bag for solid 
waste (diapers, gloves, animal shavings, etc.), gloves, 
absorbent pads, paper towels, markers, weighing scales for 
animals and MPTP, sterile saline, syringes with needles, 1% 
bleach (sodium hypochlorite) solution in water, a strong 
biodegradable detergent, personal protective equipment (see 
below), and deprenyl (selegiline), an MAO-B inhibitor, for 
accidental exposure to MPTP. It is imperative that the 
material safety data sheet (MSDS) for MPTP, which is 
supplied by the manufacturer, be kept in the room. Thus, 
once in the room or area, there should be no need to exit 
during the injection period. 

Personal protection equipment 

PPE must be worn during all procedures involving MPTP, 
including during the 5 days post-MPTP injection. The 
PPE is far more important when injecting mice than 
monkeys as mice require significantly higher doses of 
MPTP. The PPE consists of a one-piece garment with an 
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attached hood, elasticized wrists and attached boots made of 
a lightweight, chemically and biologically inert, non- 
absorbent material that is tear-resistant and provides 
protection from airborne particles. This garment should be 
easy enough to get into and economical enough to throw 
away after one wearing. For example, coveralls made of 
Tyvek fabric with elasticized wrists and boots and an 
attached hood (Kapplar, Guntersville, AL, USA) can be 
used. A full-face respirator with removable HEPA filter 
cartridges that is fit-tested to the individual is preferred for 
facial and respiratory protection. Alternatively, a half-face 
air-purifying respirator with removable HEPA cartridges 
that is approved by the National Institute of Occupational 
Safety and Health (NIOSH)/Mine Safety Health Adminis- 
tration (MSHA) for respiratory protection against dusts that 
is fit-tested to the individual using the respirator can also be 
used. The respirator is re-usable and should be thoroughly 
wiped with 1% bleach solution then washed with detergent 
after each use; wipes must be disposed of in the hazardous 
waste container. Splash-proof goggles and double-layered 
nitrile under latex gloves complete the PFE attire. All items 
comprising the PPE attire can be obtained from a large 
general laboratory supply company. The office of environ- 
mental health and safety in any Institution where MPTP is to 
be used must be consulted for guidance in obtaining PPE 
attire for use with MPTP. 

Housing 

For small animals such as mice, disposable cages and 
accessories are strongly recommended as they permit 
incineration of waste without bedding changes. Covering 
cages with filter bonnets is recommended to significantly 
reduce both room contamination and cross contamination of 
other animals. Small animal cages should be placed on the 
animal rack in the procedure room prior to and during the 
five-day period post-MPTP injection. All injections must be 
performed in the fume hood in the procedure room. 

For large animals such as monkeys, enclosed cages should 
be used. The base of the cage and the drop pan must be lined 
with plastic-backed absorbent pads. 

MPTP storage and handling 

MPTP can be purchased from several commercial sources. 
Unless specifically required, do not use MPTP as the free 
base, but only as the hydrochloride or other non-volatile salt 
conjugate. MPTP storage and handling must be restricted to 
the procedure room or designated area within the animal 
room. Minimize the use of large volumes, concentrated 
solutions, and handling of MPTP powder and never 
transport MPTP solutions or opened vials of MPTP outside 
of the dedicated room. MPTP may be purchased in small 
quantities of 10 mg or 100 mg in glass septum bottles. Vials 

of MPTP must be kept closed until used and stored at room 
temperature in a container within a vacuum-sealed 
desiccated container. This second container should be 
kept in a locked cabinet with a permanently affixed 
'MPTP — Neurotoxin' label. This cabinet must be secured 
to a non-removable surface in the procedure room or area. 

Only investigators appropriately trained in the handling of 
MPTP should perform manipulations involving the powder. 
Use of glass containers will reduce handling problems that 
result from the electrostatic properties of plastic. It is 
strongly recommended that a balance dedicated to weigh 
MPTP powder be kept in the procedure room. Prior to 
weighing MPTP powder, cover the weighing area with pads 
dampened with 1% bleach solution to reduce the risk of 
airborne MPTP powder particles. To minimize the risk of 
MPTP powder spills, the weighing procedure described by 
Pitts et al. (1986) is a safe method: tare a small container 
(e.g. small scintillation glass vial with a screw cap); take the 
tared container and place an approximated amount of MPTP 
in it, close and wipe container with 1% bleach solution; 
weigh container; then add solvent to give desired concen- 
tration; again wipe container and all other items with 1% 
bleach solution; dispose of all wastes in a hazardous waste 
container. Alternatively, if a given experiment requires a 
total daily dose of less than 10 mg or 100 mg of MPTP, then 
it is safer not to open the vial and weigh the powder but to 
add the desired volume of solvent/vehicle directly to the 
sealed 10 mg or 100 mg vial. It must be understood that this 
MPTP solution has to be used in one day and the remainder 
discarded since MPTP in solution oxidizes at room 
temperature; prior to discarding the used MPTP sealed 
vial, inject a volume of 1% bleach solution equivalent to the 
volume of MPTP solution remaining into the vial, then 
discard the vial as biohazardous liquid waste. We previously 
found that storing MPTP solution at — 80°C retards its 
oxidation as MPTP solution appears stable up to 2 months 
(personal observation). However, unless one has a dedicated 
—80°C freezer for MPTP storage, other issues such as 
laboratory safety will arise and that even without mention- 
ing the negative impact of thawing and freezing of MPTP 
solution on its neurotoxic potency. 

Animals should be injected only with sterile solutions of 
MPTP prepared by either filtration through a disposable 
0.22 (Jim filter unit or by dissolving the compound in sterile 
saline or water. Do not autoclave MPTP solutions, as this 
will vaporize the compound and may lead to exposure from 
inhalation. 

Injection of iUfPTP 

As mentioned above, a number of different injection 
regimens have been used to produce the desired MPTP 
lesions. These are based on a number of factors, including 
experimental design, degree of desired lesion, and species 
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used. As indicated, mice, which typically require greater 
amounts of MPTP to produce lesions, can be injected either 
subcutaneously or intraperitoneally, single or multiple 
injection, and with a wide range of concentrations. 
Whatever the regimen used, it is recommended that all 
MPTP injections to mice be performed in a fume hood. 
Vials from which MPTP is drawn should have a septum or 
be covered with parfilm to eliminate potential aerosols and 
spills and to avoid drops on the needle end. Change gloves 
frequently during the course of and at the end of the 
injection schedule. This will prevent any contamination of 
the PPE and decrease the possibility of overt contamination 
of equipment. 

On the day of or on the evening before the experiment, all 
animals are weighed and coded. About a half-hour before 
starting the injection schedule, sterile MPTP solution should 
be prepared to the desired working concentration. During 
animal injection, care must be taken to avoid self- 
inoculation; special attention to animal restraint will 
significantly reduce this risk. For injection, place the 
mouse cage in the fume hood and when injecting, hold the 
animal so that any urine spray will fall into the cage and not 
on the surrounding areas, since mice, when held, tend to 
expel urine which can contain significant amounts of MPTP 
(Yang et al. 1988). Make sure the mouse is not held so 
tightly as to cause backflow of the injected MPTP from the 
peritoneum. Larger animals such as squirrel monkeys must 
be placed in restrainers for injection. It is not practical to 
inject large animals in a fume hood. Inspect injection site for 
leakage or spilled solution and wipe with a small pad 
dampened with 1% bleach solution. When discarding 
syringes, do not clip, recap or remove needles from syringes; 
fill the syringe with 1% bleach solution and then place the 
syringe with attached needle in a sharps container to be 
disposed of as biohazardous waste. At the end of the 
injection schedule, the remaining MPTP solution must be 
destroyed with an equivalent volume of 1% bleach solution 
as described above. 

Cage changing 

The greatest potential for exposure to MPTP and its 
metabolites is from contaminated bedding and caging 
immediately following MPTP injection and during the 
period that MPTP or its metabolites are likely to be in the 
excreta of treated animals. Therefore, when handling cages 
and their contents, it is important that the PPE be worn. 

Used disposable mouse cages containing contaminated 
bedding should be dampened with 1% bleach solution and 
then be carefully placed into a plastic biohazard bag, tied 
off, and sent for incineration. When using re-usable cages, 
bedding should also be dampened with 1% bleach solution, 
then carefully placed in the biohazard bag, packaged and 
disposed  of  as  biohazardous  waste.   Immediately  after 

emptying re-usable cages, soak cages and accessories with 
1% bleach solution for 10 min, rinse, then wash with 
detergent and rinse thoroughly with water. Mouse cages 
may then be sent to central cage washing facilities. The 
absorbent material that covered the rack surfaces should be 
sprayed with 1% bleach solution, allow to soak for 10 min 
and then disposed of as hazardous waste. For large animal 
cages, spray plastic-backed absorbent pads that line the cage 
bottoms and drop pans with 1% bleach solution, allow to 
soak for 10 min, then remove pads and place them in the 
biohazardous waste container; replace used linings with 
fresh pads. This needs to be done on a daily basis. Wash 
cages and accessories thoroughly with 1% bleach solution, 
rinse, then wash with detergent and rinse thoroughly with 
water. The procedure described above assumes that MPTP- 
injected animals remain in the same cage for 5 days 
postinjection and change out should occur only after the 
5 days postinjection period. In the case of prolonged MPTP 
exposure protocols (i.e. weeks to months), while the 
procedure room or area will remain off-limits throughout 
the treatment period (plus the five days postinjection 
period), for mice, change only cage bottoms once a week 
following the procedure described above and, for monkeys, 
it is advisable to move monkeys to clean cages every other 
week and to handle the dirty cages as described above. 

Counter tops in the procedure room or area should be 
cleaned with 1% bleach solution. Floor coverings should be 
carefully removed and disposed of as hazardous waste. 
Routine animal care can be re-instituted five days post last 
MPTP injection and once the procedure room or area has 
been cleaned by the responsible investigator and/or staff 
member. 

Animal tissues 

Potential risk of exposure to MPTP or MPP"^ may occur 
when animals are killed for tissue collection up to 5 days 
following MPTP administration. During this period, mice 
should be killed in the fume hood and the appropriate PPE 
worn by the researcher during blood and tissue harvesting 
procedures. All working surfaces are lined with plastic- 
backed absorbent pads, which should be changed if stained 
with body fluids. Since decapitation is the primary method 
of killing for small animals in MPTP studies, care should be 
taken to prevent blood spatters, and urine and feces should 
be contained. Brain tissues are best dissected on an inverted 
glass Petri dish covered with water-dampened filter paper 
and placed on regular ice. All instruments, including the 
Petri dish used for dissection, should be soaked in 1% 
bleach solution for 10 min, rinsed, then washed with 
detergent and rinsed with water. Collected tissues should 
always be handled with double gloves, and brain remnants 
and the remaining carcass, which may contain MPTP and 
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Fig. 1 Time-dependent effect of 1% bleach solution on MPTP. A 5- 
mg/mL of MPTP-HCI solution In saline was incubated at room tem- 
perature for different lengths of time with 1 volume (v/v) of 1% 
bleach (sodium hypochlorite) solution in water. After the indicated 
time of incubation, an aliquot of the mixture was injected into an 
HPLC-UV system and MPTP levels were quantified as described 
(Przedborsl<i et al. 1996). 

metabolites (Yang et al. 1988), must be discarded following 
biohazardous waste practices for animal waste. 

For the perfusion of small animals, a grid overlaying a 
collection pan works best. Thus, blood and perfusion 
solution will be collected in the pan and can then be poured 
into a bottle or can be discarded as biohazardous waste. As 
per proper biohazardous waste disposal, the outside of the 
waste container must be wiped with 1% bleach solution. 

For the perfusion of large animals, plastic tubing should 
be attached to the drain of the dissection table and a liquid 
biohazard waste container. This will catch any perfusion 
solution and prevent contamination of the water system. The 
collected perfusate will be discarded as biohazardous waste. 
After the perfusion procedure, the table must be washed 
with 1% bleach solution, rinsed, then washed with detergent 
and rinsed with water. 

Decontamination, cleaning, and disposal 

Often, one may see that 0.1 M HCl is used for cleaning up 
following MPTP experiments. However, we have HPLC 
evidence showing that HCl, up to 2 M and after incubation 
for more than 1 h at room temperature, does not destroy 
MPTP at all. Conversely, a 5% potassium permanganate 
solution in water completely destroys MPTP almost 
immediately. However, since potassium permanganate is 
such a powerful oxidant, it can produce hazardous 
exothermic reactions with several compounds like deter- 
gents and must be neutralized with ascorbic acid prior to 
being discarded as non-toxic waste. We have also found that 
bleach is as efficient as potassium permanganate in 
destroying MPTP, yet more friendly to use as it does not 

cause dangerous reactions with detergents and does not 
require specific treatment prior to discarding. Bleach is 
commercially available as a 5-10% stock solution. It can be 
readily diluted to the desired concentration with water and 
kept at room temperature indefinitely. Using a 1% bleach 
solution in water, which corresponds to twice the Environ- 
mental Protection Agency (EPA) recommended concen- 
tration for disinfection, we found that the action of bleach on 
5 mg/mL of MPTP-HCI in saline is rapid in that after 
5 min, at room temperature, there is no longer any 
detectable MPTP (Fig. 1). The 'almost' instantaneous 
destruction of MPTP by the bleach solution, as illustrated 
in Fig. 1, is not a surprising finding since the bleach- 
mediated reaction corresponds not to an enzymatic reaction 
but to a straight biochemical oxidation. In addition, we 
found that 10 min incubation of 5 mg/mL MPTP-HCI with 
different concentration of bleach solutions, ranging from 0.5 
to 2.5%, had similar effects on MPTP. Therefore, our 
reconnmendation for MPTP decontamination is 10 min of 
soaking in 1% bleach solution. In contrast to their effects on 
MPTP, neither 2.5% bleach solution nor 5% potassium- 
permanganate destroyed MPP"*", even after an overnight 
incubation. This is not surprising, as MPP""" is notoriously 
stable and resists destruction even after exposure to 
extremely harsh chemical and physical treatments. High 
doses of MPP"^ administered systemically (i.e. 25 mg/kg 
intraperitoneal) to mice produce oxidative damage to the 
lung, but fail to affect the nervous system (Johannessen et al. 
1985). This is consistent with our observation that the 
intraperitoneal or subcutaneous injection of different doses 
of radiolabeled and non-radiolabeled MPP"^ to mice failed 
to show any accumulation of radioactivity in the striatum or 
to produce any damage to the dopaminergic systems of the 
brain (unpublished observation). Nevertheless, the direct 
injection of MPP"*" into the striatum does produce dopami- 
nergic neurotoxicity (Giovanni et al. 1994b). These data 
indicate that the work-related hazards of MPP* involve 
peripheral organs such as the lungs and then only if high 
amounts reach the blood stream or the respiratory tract. 
Therefore, MPP"*" is far less hazardous than its parent 
compound and thus the real safety goal is the destruction of 
MPTP. 

Only investigators appropriately trained in the handling of 
MPTP should clean up spills. Prior to any decontamination 
procedure, determine the maximum quantity of MPTP 
involved in the spill and the location of the spill. 

If the room is properly maintained as stated above, linings 
£ind underpads will catch any spills. In case a liquid spill 
does occur, wearing the PPE, the researcher should 
immediately spray the linings and underpads with 1% 
bleach solution, allow to soak for 10 min, then remove, and 
place these in hazardous waste disposal bags. In the event 
that pads and linings have not caught all of the spill, absorb 
MPTP spill with absorbent plastic-backed pads to prevent 
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MPTP solution from contaminating gloves and discard as 
hazardous waste. The dry area is then soaked with 1% 
bleach solution, rinsed with water, then washed several 
times with detergent, rinsed with water, and dried with pads. 
Discard these materials in hazardous waste bags as well. 
Recover work area and inform the environmental health and 
safety office that an MPTP spill has occured and what 
measures were used to remove that spill. 

To clean up MPTP powder spills, cover with a disposable 
towel dampened with 1% bleach solution, then pick up all 
materials and put into a hazardous waste container. Then, 
soak the area with 1% bleach solution, rinse with water, then 
wash several times with detergent, rinse with water, and dry 
with pads. Discard these materials in hazardous waste bags. 
Recover area, then inform the environmental health and 
safety office that a MPTP powder spill has occured and what 
measures were taken to contain and clean up the powder 
spill. 

If clothes become contaminated with MPTP, immediately 
remove clothing and shower. After obtaining fresh clothing, 
report directly to a medical service. A very careful 
evaluation of any potential MPTP exposure is critical (see 
medical emergency and surveillance). Persons assisting 
exposed individuals should wear the PPE attire. 

Plan experiments to avoid generating large quantities of 
contaminated glass or metal; these materials are difficult to 
incinerate, and large quantities can create waste disposal 
problems. Contaminated glass and metal can be decontamin- 
ated using 1 % bleach solution followed by detergent washes 
and rinses. Decontaminate all equipment with wipes 
dampened with 1% bleach solution before repair work is 
performed, before transferring equipment to other opera- 
tions, and before discarding. Pay special attention to internal 
parts of equipment that may have become contaminated. 

Prevention, medical emergency and surveillance 

To date, there has been no report in the literature of the 
inadvertent exposure of a researcher to MPTP while 
conducting MPTP experiments. A single report of a research 
chemist who suffered a fatal exposure to large amounts of 
MPTP during its synthesis has been documented and 
represents the only inadvertent human exposure to MPTP 
(Langston and Ballard 1983). However, despite the safe 
track record of MPTP use, precautionary emergency 
procedures must be employed to avoid potential injury 
from acute exposure to the toxin (such as a needle prick). 

As indicated above, MAO-B inhibitors prevent the 
conversion of MPTP to its toxic metabolite, MPP"^ thereby 
preventing neurotoxicity. For example, pretreatment of 
animals with deprenyl, a potent irreversible MAO-B 
inhibitor prevents MPTP-induced neurotoxicity (Cohen 
et al. 1984; Mytilineou and Cohen 1985; Fuller et al. 
1988). On the other hand, except for a single report (Tatton 

1993), there is no evidence that MAO-B inhibition by 
deprenyl or by other compounds, following exposure to 
MPTP provides any neuroprotection. However, in case of 
accidental exposure to MPTP, in an attempt to block the 
conversion of any remaining MPTP to MPP it is 
recommended that deprenyl be administered immediately. 
As far as we know, there is no established deprenyl regimen 
for accidental exposure to MPTP. Since the goal here is to 
prevent the conversion of MPTP by inhibiting MAO-B, as 
rapidly and profoundly as possible, we suggest an initial 
large dose of deprenyl (e.g. four 5 mg tablets) be taken 
orally at once. Although it may be prudent to continue 
deprenyl medication (e.g. 5 mg twice a day) for some time, 
it is unknown whether this is justified. Short-term surveil- 
lance is necessary for the appearance of hypotension from 
the deprenyl or the development of acute parkinsonian 
symptoms from the MPTP exposure. In addition, following 
the administration of a large dose of deprenyl, individuals 
must be cautious in consuming tyramine-containing foods 
(i.e. cheese) and in taking medications containing pharma- 
cologically active amines. Prior to beginning any MPTP 
investigation, deprenyl must be available for emergency use 
and must be kept in a closed container at all times in the 
procedure room or area for immediate use, if necessary. 
Furthermore, it is advisable that individuals who are 
planning to embark upon a series of MPTP experiments 
consider a treatment of 5 mg twice a day of deprenyl prior to 
(e.g. 3-5 days before) and during the experiments. This may 
be especially indicated for a person first learning the 
protocol or if there is an increased risk of contact with 
MPTP. This should be done only after consulting one's 
personal physician. 

Conclusion 

To date, MPTP remains the best experimental model of PD. 
To this end, it is extensively used in various animal species 
and especially in mice. However, even as a research tool, 
MPTP is an extremely hazardous compound, which can be 
injected, ingested, inhaled, and/or absorbed. Because of its 
demonstrated toxicity to humans, the use of MPTP among 
researchers is a serious concern. Over the years, a better 
understanding of the physicochemical properties of this 
toxin, its metabolism, and its body distribution has enabled 
investigators to develop practices and procedures for the 
safe use of this compound. These include improved 
procedures for preparing MPTP solutions and for its 
injection into animals, proper protective equipment, redu- 
cing potential exposure from animal excreta, proper 
decontamination and disposal procedures, and medical 
treatment and surveillance in case of accidental exposure. 
Despite the fact that we have tried to cover the most 
common simations and topics related to MPTP use, this 
review cannot cover all possible aspects of the safe use of 
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this hazardous compound. Accordingly, there can be no 
substitute for common sense and proper laboratory practices 
in the use of dangerous compounds such as MPTP. It is 
hoped, however, that this review has built upon the 
guidelines presented by others in the past and, in conjunc- 
tion with our recent knowledge of MPTP, will lead to the 
effective and safe use of the MPTP animal model of PD. 
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Parkinson's disease is a common neurodegenerative disorder 

characterized by the progressive loss of the dopaminergic 

neurons in the substantia nigra pars compacta. The loss of 

these neurons is associated with a glial response composed 

mainly of activated microglial cells and, to a lesser extent, of 

reactive astrocytes. This glial response may be the source of 

trophic factors and can protect against reactive oxygen species 

and glutamate. Aside from these beneficial effects, the glial 

response can mediate a variety of deleterious events related to 

the production of reactive species, and pro-inflammatory 

prostaglandin and cytokines. This article reviews the potential 

protective and deleterious effects of glial cells in the substantia 

nigra pars compacta of Parkinson's disease. Curr Opin Neural 
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introduction 
Parkinson's disease is a common neurodegenerative 
disorder characterized mainly by resting tremor, slow- 
ness of movement, rigidity, and postural instability [1*] 
and associated with a dramatic loss of dopamine- 
containing neurons in the substantia nigra pars compacta 
(SNpc) [2]. The number of Parkinson's disease patients 
has been estimated at ~ 1000 000 in North America, 
with -^50000 newly affected individuals each year [1*]. 
Thus far, the most effective treatment for Parkinson's 
disease remains the administration of a precursor of 
dopamine, L-dopa, which, by replenishing the brain in 
dopamine alleviates almost all Parkinson's disease 
symptoms. However, the chronic administration of L- 
dopa often causes motor and psychiatric side effects, 
which may be as debilitating as Parkinson's disease itself 
[3], and there is no supportive evidence that L-dopa 
therapy impedes the neurodegenerative process in 
Parkinson's disease. Therefore, without undermining 
the importance of L-dopa therapy in Parkinson's disease, 
there is an urgent need to acquire a deeper under- 
standing of both etiologic (i.e., causes) and pathogenic 
(i.e., mechanisms of cell death) factors implicated in 
Parkinson's disease, not only to prevent the disease, but 
also to develop therapeutic strategies aimed at halting its 
progression. To elucidate such factors, and consequently 
to develop new therapies, the neuropathology of 
Parkinson's disease has been revisited in search of 
abnormalities that could shed light on these putative 
culprits. In keeping with this goal, it is worth mentioning 
that aside from the dramatic loss of dopamine neurons, 
the SNpc is also the site of a glial reaction in both 
Parkinson's disease and experimental models of Parkin- 
son's disease [4—7]. Gliosis is a recognized prominent 
neuropathological feature of many diseases of the brain, 
whose sole and unique function has been thought, for 
many years, to be the removal of cellular debris. Since 
then, mounting evidence indicates that the role played 
by gliosis in pathological situations may not be restricted 
to its 'housekeeping' function but may also include 
actions which significantly and actively contribute to the 
demise of neurons, especially in neurodegenerative 
diseases like Parkinson's disease. Interestingly, several 
lines of evidence demonstrate that gliosis may behave in 
a 'yin and yang' fashion because, depending upon the 
situation, it may mediate either beneficial or harmful 
events. In this review, we will summarize the observa- 
tions regarding gliosis in Parkinson's disease and in 
experimental models of Parkinson's disease as well as 
outline recent findings regarding the potential role of 
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gliosis in the overall neurodegenerative process that 
occurs in Parl\inson's disease. 

As a preamble to our review, it is important to remind 
the reader that giia is composed of macroglia, including 
astrocytes and oligodendrocytcs, and microglia. As 
mentioned by Wilkin and Knott [8], so far, oligodcn- 
drocytes, which arc involved in the process of myelina- 
tion, have not been implicated in Parkinson's disease, 
whereas both astrocytes and microglial cells have. 
Accordingly, the focus of this section will be on 
astrocytes and microglial cells. Astrocytes are crucial, in 
the normal, undamaged adult brain, to the homeostatic 
control of the neuronal extracellular environment [8]. 
Conversely, little is known about microglial functions in 
the normal brain. Following an injury to the brain, both 
astrocytes and microglial cells undergo various pheno- 
typic changes that enable them to respond to and to play 
a role in the pathological processes [9,10]. For instance, 
microglial activation is characterized by proliferation, 
increased or de-novo expression of marker molecules, 
such as major histocompatibility complex antigens, 
migration, and eventually changes into a macrophage- 
like appearance [11]. 

dial reaction in Parkinson's disease 
In normal brains, neither resting astrocytes nor microglial 
cells are evenly distributed [12,13]. For instance, density 
of microglial cells is remarkably higher in the substantia 
nigra compared to other midbrain areas and brain regions 
such as hippocampus [14]. This observation, together 
with the finding that substantia nigra neurons are much 
more susceptible to activated microglial-mediated injury 
[14], lend support to the idea that gliosis may play an 
especially meaningful role in Parkinson's disease. 

The nigrostriatal pathway is the most affected dopami- 
nergic system in Parkinson's disease. The neurons that 
form this pathway have their cell bodies in the SNpe and 
their nerve terminals in the striatum. Of particular 
relevance to this review is the finding that the loss of 
dopaminergic neurons in post-mortem parkinsonian 
brains is associated with a significant glial reaction 
[4,5,15,16]. Interestingly, however, while the damage 
to dopaminergic elements is consistently more severe in 
the striatum than in the SNpc, the response of glial cells 
is consistently more robust in the SNpc than in the 
striatum [5]. This discrepancy can be explained by the 
fact that dopaminergic structures are in dominance in the 
SNpc whereas they are in a minority in the striatum (e.g., 
dopamine synapses represent <15% of the entire pool 
of synapses in the striatum). Aside from this topographi- 
cal difference, the magnitude of the astrocytie and 
microglial responses in parkinsonian brains are also very 
different. The SNpe of many but not all post-mortem 
Parkinson's  disease  patients  exhibit,  at  best,  a  mild 

increase in the number of astrocytes and in the 
immunoreactivity for glial fibrillary acid protein (GFAP) 
[4,16]. Despite these changes, full-blown reactive astro- 
cytes have been observed only in a few instances [4,16]. 
Of note, the density of GFAP-positive astrocytes appears 
to be inversely related to the magnitude of dopaminergic 
neuronal loss across the different main dopaminergic 
areas of the brain in Parkinson's disease post-mortem 
samples [12], suggesting that dopaminergic neurons 
within areas poorly populated with astrocytes are more 
prone to degenerate. Conversely, among the astrocytie 
pathologic features seen in Parkinson's disease, what 
does correlate positively with the severity of SNpc 
dopaminergic neuronal loss is the count of a-synuclein 
positive-inclusions within SNpc astrocytes [17]; whether 
these inclusions have any pathogenic significance 
remains unknown. Unlike the astrocytie response, the 
activation of microglial cells in Parkinson's disease is 
consistently dramatic [5,15,16]. Microscopically, this 
microglial response in the SNpc culminates in those 
sub-regions most affected by the neurodegenerative 
process [5,15,16]. Moreover, activated microglial cells are 
predominantly found in close proximity to free neuro- 
melanin in the neuropil and to remaining neurons, onto 
which they sometimes agglomerate to produce an image 
of neuronophagia [5]. In l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP)-intoxieated individuals, 
post-mortem examination reveals a marked glial reaction 
in the SNpc whose magnitude seems to parallel that of 
dopaminergic neuronal loss [18**]. In all three autopsy 
cases, both reactive astrocytes and activated microglial 
cells as well as images of neuronophagia are abundantly 
seen in the SNpc [18"]. 

The aforementioned studies indicate that the glial 
response in the SNpc is fairly similar between humans 
with Parkinson's disease and those intoxicated by 
MPTP, although a more significant astrocytie reaction 
is seen in the latter [18**]. From a neuropathological 
standpoint, microglial activation and especially neurono- 
phagia is indicative of an active, ongoing process of cell 
death. While this contention is consistent with the fact 
that Parkinson's disease is a progressive condition, it 
challenges the notion that MPTP produces a 'hit-and- 
run' kind of damage and rather suggests that a single 
acute insult in the SNpc could set in motion a self- 
sustaining cascade of events with long-lasting deleterious 
effects. It remains that neither human post-mortem 
Parkinson's disease studies nor MPTP eases provide 
information about the temporal relationship between the 
loss of dopaminergic neurons and the glial reaction in the 
SNpc. Looking at mice injected with MPTP and killed 
at different time points thereafter, it appears that the 
time course of reactive astrocyte formation parallels that 
of dopaminergic structure destruction in both the 
striatum   and   the  SNpc,   and   that  GFAP   expression 
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'remains upregulated even after the main wave of 
neuronal death has passed [6,19,20**]. These findings 
suggest that, in the MPTP mouse model [21*], the 
astrocytic reaction is secondary to the death of neurons 
and not the reverse. This is supported by the 
demonstration that blockade of l-methyl-4-phenylper- 
ydinium (MPP"", the active metabolite of MPTP [21*]) 
uptake into dopaminergic neurons not only completely 
prevents SNpc dopaminergic neuronal death but also 
GFAP upregulation [22]. Remarkably, activation of 
microglial cells, which is also quite strong in the MPTP 
mouse model [6,19,20**,23], occurs much eariier than 
that of astrocytes and, more importantly, reaches a 
maximum before the peak of dopaminergic neurode- 
generation [20**]. In light of the MPTP data presented 
above, it can be surmised that the response of both 
astrocytes and microglial cells in the SNpc clearly occurs 
within a timeframe allowing these glial cells to partici- 
pate in the demise of dopaminergic neurons in the 
MPTP mouse model and possibly in Parkinson's 
disease. In the following sections, we will examine 
through which beneficial or detrimental mechanisms the 
glial response in Parkinson's disease can possibly play 
out in the neurodegenerative process. 

The protective effect of glial cells in 
Parkinson's disease 
As mentioned above, glial response to injury may in fact 
have beneficial effects which, in the case of Parkinson's 
disease, could attenuate neurodegeneration. Among the 
different mechanisms by which glial-derived neuropro- 
tection could be mediated, the first that comes to mind 
involves the production of trophic factors. 

To date, it is well recognized that many mature and, 
even more so, immature tissues and cell types, including 
glial cells, possess trophic properties that are essential for 
the survival of dopaminergic neurons. Relevant to this is 
the observation that striatal oligodendrocyte-type 2 
astrocytes greatly improve the survival and phenotype 
expression of mesencephaiic dopaminergic neurons in 
culture, while simultaneously decreasing the apoptotic 
demise of these neurons [24]. Although the actual 
identity of this glial-related trophic factor remains to be 
established, several others have already been well 
characterized. Among those, glial-derived neurotrophic 
factor (GDNF), which can be released by activated 
microglia, seems to be the most potent factor in 
supporting SNpc dopaminergic neurons during their 
period of natural developmental death in postnatal 
ventral midbrain cultures [25]. It is also worth emphasiz- 
ing that GDNF induces dopaminergic nerve fiber 
sprouting in the injured rodent striatum [26], and that 
this effect is markedly decreased when GDNF expres- 
sion is inhibited by intrastriatal infusion of antisense 
oligonucleotides [27]. Furthermore, GDNF, delivered 

either by infusion of the recombinant protein or by viral 
vectors, has been shown to markedly attenuate dopami- 
nergic neuronal death and to significantly boost dopa- 
minergic function within injured neurons in both 
MPTP-treated monkeys and mice [28,29**,30]. Unfortu- 
nately, in humans with Parkinson's disease, much less 
enthusiastic results have been obtained thus far, in that 
repetitive intraventricular injections of recombinant 
GDNF to one advanced parkinsonian patient was poorly 
tolerated and failed to halt the progression of the disease 
[31]. 

Glial cells may also protect dopaminergic neurons against 
degeneration by scavenging toxic compounds released 
by the dying neurons. For instance, dopamine can 
produce reactive oxygen species through different routes 
[32*]. Along this line, glial cells may protect remaining 
neurons against the resulting oxidative stress by 
metabolizing dopamine via monoamine oxidase-B and 
catechol-0-methyltransferase present in astrocytes, and 
by detoxifying reactive oxygen species through the 
enzyme glutathione peroxidase, which is detected 
almost exclusively in glial cells [33*]. Glia, which can 
avidly take up extracellular glutamate, may mitigate the 
presumed harmful effects of the subthalamic excitotoxic 
input to the substantia nigra [34]. Taken together, the 
data reviewed here support the contention that glial cells 
could have neuroprotective roles in Parkinson's disease. 
Whether any of those, however, actually dampen the 
neurodegenerative process in parkinsonian patients 
remains to be demonstrated. 

The deleterious role of glial cells in 
Parkinson's disease 
As we will see now, there are also many compelling 
findings which support the contention that glial cells 
could be harmful in Parkinson's disease. In this context, 
the spotlight appears to be more on activated microglial 
cells and less on reactive astrocytes. The importance of 
activated microglial cells in the neurodegenerative 
process is underscored by the following demonstrations 
in rats [35]: (1) the stereotaxic injection of bacterial 
endotoxin lipopolysaccharide into the SNpc causes a 
strong activation of microglia throughout the substantia 
nigra, followed by a marked degeneration of dopami- 
nergic neurons; and (2) the pharmacological inhibition 
of microglial activation prevents lipopolysaccharide- 
induced SNpc neuronal death. 

Activated microglial cells can produce a variety of 
noxious compounds including reactive oxygen species, 
reactive nitrogen species, pro-inflammatory prostaglan- 
dins, and cytokines. Among the array of reactive species, 
lately, the lion's share of attention has been given to 
reactive nitrogen species due to the prevailing idea that 
nitric oxide-mediated nitrating stress could be pivotal in 
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the pathogenesis of Parkinson's disease [?>6,2>7,38'-A0']. 
So far, however, none of the characterized isoforms of 
nitric oxide synthase (NOS) has been identified in SNpc 
dopaminergic neurons; hence, nitric oxide involved in 
the nitrating stress of Parkinson's disease most Hkely 
originates from other neurons and/or ghal cells, as we 
hypothesized previously [36]. It is thus particulady 
relevant to mention that numerous glial cells in the 
SNpc of both Parkinson's disease patients [41*] and 
MPTP-treated mice [20",23], but not of controls, 
express high levels of inducible NOS (iNOS). This 
NOS isoform, upon its induction, produces high amounts 
of nitric oxide for a prolonged period of time [42], as well 
as superoxide radicals [43], two reactive species which 
can either directly or indirectly promote neuronal death. 

Prostaglandins and their synthesizing enzymes, such as 
cyclooxygenase type 2, constitute a second group of 
potential culprits. Indeed, cyclooxygenase type 2 has 
emerged as an important determinant of cytotoxicity 
associated with inflammation [44,45*]. In the normal 
brain, cyclooxygenase type 2 is significandy expressed 

only in specific subsets of forebrain neurons that are 
primarily glutamatergic in nature [46], which suggests a 
role for cyclooxygenase type 2 in the postsynaptic 
signaling of excitatory neurons. However, under patho- 
logical conditions, especially those associated with a 
glial response, cyclooxygenase type 2 expression in the 
brain can increase significantly, as does the level of its 
products (e.g., prostaglandin Ej), which are responsible 
for many of the cytotoxic effects of inflammation. 
Interestingly, cyclooxygenase type 2 promoter shares 
many features with iNOS promoter [42] and, thus, these 
two enzymes are often co-expressed in disease states 
associated with gliosis. Therefore, it is not surprising to 
find cyclooxygenase type 2 and iNOS expressed in 
SNpc glial cells of post-mortem Parkinson's disease 
samples [47]; prostaglandin E2 content is also elevated 
in SNpc from Parkinson's disease patients [48]. Of 
relevance to the potential role of prostaglandin in the 
pathogenesis of Parkinson's disease is the demonstra- 
tion that the pharmacological inhibition of both 
cyclooxygenase types 1 and 2 attenuates MPTP toxicity 
in mice [49]. 

Figure 1. Potential involvement of glial cells in the pathogenesis of Parkinson's disease 
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Activated microglial cells may contribute to dopaminergic neurodegeneration by releasing cytotoxic compounds such as cytokines. Cytokines may 
exert a direct effect on dopaminergic neurons by activating transduction pathways that lead to apoptosis or, alternatively, by inducing the expression of 
iNOS within glial cells and the subsequent formation of nitric oxide (NO). NO is membrane permeable and can diffuse to neighboring dopaminergic 
neurons. If the neighboring cell has elevated levels of superoxide (OJ), there is an increased probability that superoxide will react with NO to form 
peroxynitrite (ONOO^), which can damage lipids, proteins and DNA. Damaged DNA stimulates Poly(ADP-ribose) synthase (PARS) activity, which 
further contributes to the ATP depletion induced by the IVIPP*-mediated inhibition of the mitochondrial complex I. Other glial cells, such as astrocytes, 
may have a neuroprotective effect on dopaminergic neurons by producing neurotrophic factors, such as GDNF, or by metabolizing dopamine (DA) by 
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'A third group of glial-derived compounds that can inflict 
damage in Parkinson's disease is the pro-inflammatory 
cytoi<:ines. Several among these, including tumor necro- 
sis factor-a (TNF-a) and interleukin-ljS (IL-ljS), are 
increased in both SNpc tissues and cerebrospinal fluids 
of Parkinson's disease patients [50-52] although some of 
the reported alterations may be related to the chronic use 
of the anti-Parkinson's disease therapy L-dopa [53]. It 
remains that, at autopsy, convincing immunostaining for 
TNF-a, IL-lj3, and interferon-y is observed in SNpc glial 
cells from Parkinson's disease patients [54**]. These 
cytokines may act, at least, at two levels in Parkinson's 
disease. First, while they are produced by glial cells, 
they can stimulate other glial cells not yet activated, 
thereby amplifying and propagating the glial response 
and consequently the glial-related injury to neurons. 
Relevant to this scenario are the following demonstra- 
tions [54**]: glial-derived TNF-a, IL-l/S, and interferon- 
y activate other microglial cells which start to express the 
macrophage cell surface antigen FceRll; now, activation 
of FceRll on these newly activated microglial cells 
induces iNOS expression and the subsequent produc- 
tion of nitric oxide which, in turn, can amplify the 
production of cytokines within glial cells (e.g., TNF-a) 
and can diffuse to neighboring neurons. Second, glial- 
derived cytokines may also act directly on dopaminergic 
neurons by binding specific cell surface cytokine 
receptors (e.g., TNF-a receptor). Once activated, these 
cytokine receptors trigger intracellular death-related 
signaling pathways whose molecular correlates include 
translocation of the transcription nuclear factor-K-B from 
the cytoplasm to the nucleus and activation of the 
apoptotic machinery. In connection with this, Parkin- 
son's disease patients exhibit a 70-fold increase in the 
proportion of dopaminergic neurons with nuclear factor- 
K-B immunoreactivity in their nuclei compared to control 
subjects [55]. In relation to apoptosis, Bax, a potent pro- 
apoptotic protein, is upregulated after MPTP adminis- 
tration and its ablation prevents the loss of SNpc 
dopaminergic neurons in this experimental model [56]; 
and caspase-3, a key effector of apoptosis, is activated in 
post-mortem Parkinson's disease samples [57]. 

Conclusion 
We have tried to succinctly review the issue of glial 
response in Parkinson's disease and how this cellular 
component of Parkinson's disease neuropathology, 
which has been neglected far too long, can play out in 
the overall neurodegenerative process (Fig. 1). Accord- 
ingly, key findings and, as often as possible, recent 
studies were included in our discussion to provide an up- 
to-date look at this question. Although we have tried to 
provide the reader with a balanced view of this issue, it is 
our opinion that, given the available evidence to date, 
data supporting a detrimental role of the glial response in 
Parkinson's disease outweigh those supporting a bene- 

ficial role. We also believe that, should the glial response 
in Parkinson's disease indeed be implicated in the 
neurodegenerative process, it is unlikely that any aspect 
of the glial response initiates the death of SNpc 
dopaminergic neurons, but quite possibly propagates 
the neurodegenerative process. This view, if confirmed, 
may thus have far-reaching therapeutic implications as 
targeting a specific aspect of the glial-related cascade of 
deleterious events may prove successful in slowing or 
even halting further neurodegeneration in Parkinson's 
disease [58]. 
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Parkinson's disease (PD) is a common neurode- 
generative disorder whose cardinal features in- 
clude tremor, slowness of movement, stifBiess, 
and poor balance (1). Most, if not all, of these 
disabling symptoms are secondary to a pro- 
found reduction in striatal dopamine content, 
caused by the loss of dopaminergic neurons in 
the substantia nigra pars compacta (SNc) and of 
their projecting nerve fibers in the striatum 
(2,3). Although several approved drugs do alle- 
viate PD symptoms, their chronic vse is often 
associated with debilitating side effects (4), and 
none seems to dampen the progression of the 
disease. Moreover, the development of effective 
preventive or protective therapies is impeded by 
our limited knowledge of the cause (i.e., etiol- 
ogy) and mechanisms (i.e., pathogenesis) by 
which dopaminergic neurons die in PD. 

Although neither the etiology nor the patho- 
genesis of PD has yet been elucidated, this last 
decade has witnessed an explosion of invalu- 
able research, which unquestionabfy has pro- 
vided critical insights into our current under- 
standing of this illness. Accordingfy, in this 
chapter, we give an overview of wto we be- 
lieve are the key findings of the past 10 years in 
this area. We also try to place each of these 
findings vwfliin the conte^ct of what appears to 
be, at least to date, the direction in which the 
field of PD research seems tb be evolving. One 

caveat of our approach resides in the fact that 
the goal of this chapter is to provide a "flavor" 
for the field of PD research rather than a com- 
prehensive review. Therefore, the reader must 
be aware fliat only selected aspects of the re- 
search performed in PD are revievVed and dis- 
cussed. Along this line, the reader shotdd also 
know that this chapter does not, except inciden- 
tally, review the large core of research dealing 
with "symptomatic therapies," whether the ap- 
proach is pharmacological or surgical, which 
are discussed elsewhere in this book. 

ETIOLOGY OF PD 

If the goal is to prevent PD and to diagnose 
it before any actual neurpdegeneration occurs, 
then we must unravel the etiology of this dis- 
order. For many years, the two main hypothe- 
ses for the etiology of PD that have prevailed 
have been the toxic and the genetic hypothe- 
ses. As we will see, there is supportive evi- 
dence for both hypotheses, and neither one is 
exclusive of the other. 

Toxic Hypothesis 

According to this hypothesis, it is proposed 
that a deleterious compound may be present in 
our environment, even in low amounts, and 
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that over time it may accumulate in our organ- 
ism and ultimately reach a threshold level that 
will cause it to unleash its damaging properties 
against the dopaminergic system. A significant 
support for an "exogenous or environmental 
toxin" has been provided \sy the discovery that 
l-methyl-4-phenyl-l ,2,3,6-tetrahydropyridine 
(MPTP) can cause a parkiusonian syndrome in 
humans almost identical to PD (5). Also rele- 
vant is the fact that l-methyl-4-phenylpyri- 
dimium (MPP*), MPTP's active metaboUte, 
has been extensively used as an herbicide in 
many countries around the world, as ha? 
paraquat, which has a striking structural simi- 
larity to MPP*. Furthermore, a rural environ- 
ment has often been found to be associated 
with an elevated risk of PD (6). In keeping with 
this, factors such as herbicides, pesticides, and 
well water have all been incriminated in the oc- 
currence of PD-(6). To date,;.it remains, how- 
ever, that despite all of these, supportive obser- 
vations, no actual compounc^ related to the 
MPTP family or not, has: been unequivocalfy 

. linked to the d^elopment of PD. Alternatively, 
it has also been proposed that perhaps the pu- 
tative parkinsonian toxin is not exogenous but 
rather is produced by our own metabolism, giv- 
ing rise to tiie "endogenous toxin" hypothesis 
of PD (7). According to fliis model, a noxious 
compound would be produced in response to 
either a defective or a variant metabolic path- 
way. In keeping with this view is the sugges- 
tion that patients harboring specific polymor- 
phisms in tiie gene encoding for the 
eytochrome P450 may be at greater risk of de- 
veloping yoimg-onset PD (8). Furthermore, 
several isoquinoline derivatives, which can kill 
dopaminergic neurons, have been recovered 
firoin tiie brains of PD patients and thus are rer 
garded by several ejqjerts as potential endoge- 
nous parkinsonian neurotoxins (9). Among 
these, tetrahydroisoquinoline (TIQ), Irbenzyl- 
TIQ, and (S)-l,2-dimetlQfl-5,6-dihydroxy-TIQ 
have the most potent neurotoxic effects (9). 

. Genetic Hypothesis 

During the last decade, there has been a 
clear waning and waxing of enthusiasm for 

the role of genetics in the etiology of PD. 
However, during the past few years there has 
been an upsurge of interest in the genetics of 
PD, triggered by several breakthroughs ob- 
tained in familid forms of parkinsonism. For 
instance, point mutations in the a-synuclein 
gene, located on chromosome 4, have been 
foiind to cause an iautbsomal dominant 
parkinsonian syndrome (10,11). The two mis- 
.sense mutations identified thus far result in a 
single ainino acid substitution in a-synuclein 
protein, that is, an alanine being replaced by a 
hydrophobic.residue threonine at position 53 
and ly proline at position 30. Smce the dis- 
covery of these mutations, data have been ac- 
cumulated suggesting that both mutations 
may alter a-synuclein's normal mtracellular 
distribution, enhance a-synuclein's propen- 
sity to interact with other intracellular pro- 
teins, and increase a-synuclein's disposition 
to aggregate and consequently to form intra- 
neuronal inclusions (12-16). However, thus 
fw, efforts to identify a-synuclein mutations 
in sporadic PD have failed (17-19). On the 
other hand, in sporadic PD, a-synuclein has 
been demonstrated to be a major component 
of the intraneuronal inclusions Lewy bodies, 
which are a pathologic hallmark of the disease 
(20,21). In addition, we have recently demon- 
strated that a-synuclein is up-regulated in 
dopaminergic neurons of the SNc after MPTP 
administration to mice (22). However, the 
normal function of this protein and its impli- 
cations for the pathogenesis of PD remain to 
be determined. 

The gene for an autosomal recessive form 
of juvenile parkinsonism has also recentiy 
been identified dnd encoded for a protein 
called parkin (23). More recentiy, a suscepti- 
bility locus for PD has been mapped to chro- 
mosome 2pl3 (24), and a point mutation in 
the gene encoding for a key enzyme, of the 
ubiquitin pathway has been identified in a 
family with parkinsonism (25). lii light of all 
of these discoveries, we can conclude that 
there is increasing evidence that genetic fac- 
toid mi^t play a role in PD. However, these 
studies also show quite clearly that only a 
small mmiber of the multigenerational fami- 
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lies used in the cited investigations have con- 
finned pathology of PD, and most of the af- 
fected family members exhibit atypical fea^ 
tures, such as an onset at younger age, rapid 
course, and often dementia. Moreover, the 
mode of inheritance of the parldnsonism 
within these families is highly variable, rang- 
ing from autosomal dominant to autosomal 
recessive and even the possibility of being 
maternally transmitted ^26), raising the poten- 
tiality of a genetic defect within the mito- 
chondrial genome. Because, to date, none of 
the identified mutations found in familial PD 
has been identified in sporadic PD, it is likely 
that these genetic alterations may account, at 
most, for a very small fraction of PD patients. 
Nevertheless, these findings remain ex- 
tremely exciting, as they raise the prospect 
that by elucidating the actual mechanisms by 
which these genetic defects produce the 
demise of dopaminergic neurons in familial 
forms of PD, tiiey may well shed light into the 
etiology and pathogenesis of sporadic PD. 

In our opinion, one of the most damaging 
arguments against a pivotal genetic compo- 
nent in the etiology of PD is provided by the 
lack of significant concordance in monozy- 
gotic twins with classical PD (27). It remains 
plausible that genetics may play a critical role; 
not as a unique etiologic factor but rather 
within a multifactorial cascade such as 
through an interaction between genetic and 
toxic mechanisms. This view is support^ by 
the demoiistration that individuals carrying a 
specific mitochonctial mutation will develop 
deafiiess only on exposure to aminoglucoside 
(28). Conversely, it is also relevant to point 
out that, among the cohort of individuals who 
were intoxicated with MPTP, only a fraction 
developed parldnsonism (Dr. J. W. Langston, 
personal communication). These two exam- 
ples emphasize the potential importance of 
the interaction between genetic and toxic fac- 
tors. 

PATHOGENESIS OF PD 

In spite of the above-described efforts in 
identifying the etiology .of Pl^ affected pa- 

tients to date are diagnosed only when the 
symptoms of the disease have already ap- 
peared. Therefore, it Js important to identify 
the mechanisms involved in the cellular death 
in order to halt or slow down the progression 
of the disease once it is already established. 

. In an attempt to unravel tiie mechanisms 
implicated in the neurodegenerative process 
in PD, a large number of presumed patho- 
genic factors have been put forward/ including 
dopamine metabolism, mitochondrial dys- 
function, free radicals, cell death by apoptor 
sis, excitotoxicify, defect in trophic factors, 
and many others. Some of these are discussed 
below. 

Dopaiiiine Metabolism 

Dopamine is the neurotransmitter of the 
SNc neurons controlling normal motor ftmc- 
tion. It seems, however, that dopamine is not 
essential for the normal development of the 
SNc system, as observed in mice lacking fyr 
rosine hydroxylase (TH), the enzyme catalyz- 
ing the first and rate-limiting step, of cate- 
cholamine biosynthesis. It is worthy to note 
that although these mutant mice have almost 
no dopamine production, they show a normal 
cytoarchitecture of the SNc dopariiinergic 
system (29,30) as evidenced by inmnmostain- 
ing for DOPA decarboxylase, another enzyme 
in this synthetic pathway,. Interestingly, be- 
tween 2% and 22% of wild-type cate^ 
cholamine concentrations are/found in the 
brains of these mutant (31) mice, likely as the 
resxilt of alternative synthetic pathways such 
as that involving tyrosinase, another enzyme 
that converts tsTOsine to L-D6PA but that 
does so during melanin synthesis. 

In the mature brain, altiiough it is clear 
from PD that dopamine is essential for motor 
control, it has been frequently suggested that 
dopamine at the same time may exert delete- 
rious effects that may participate in the pro- 
gression of the disease. Evidence in support 
of this view is still lacking in vivo in that there 
is no definitive demonstration that individuals 
who erroneously receive high • doses of 
dopamine precursor, L-DOPA, for a pro^ 



180 ETIOPATHOGENESIS 

longed period fare worse because of the drug. 
Similarly, the toxic pifect of dopamineA-- 
DOPA has not been observed in studies using 
animals with intact nigrostriatal pathway. 
More confusing is the situation in rats with 
moderate SNc damage produced by the neu- 
rotoxin 6-hydroxydopamine, which generated 
contradictory results (32,33). The issue of 
dopamine-mediated toxicity is more com- 
pelling when one looks at the large core of in 
vitro studies dealing with this question. For 
instance, it has been shown that 200 pM of L- 
DOPA can cause a 50% reduction in the num- 
ber of dopaminergic neurons in postnatal 
midbiram cultures (34). This toxic effect 
seems to be mediated by the production of 
free radicals because it is prevented by the 
overexpression of copper/zinc superoxide dis- 
mutase (SODl) (34), a key free radical-scav- 
enging enzyme. 

Another intriguing aspect related to the 
dopanoine metabolism that has not yet been 
solved concerns the link between the vuMera- 
bility of SNc dopaminergic neiitons and the 
proininent content in black pigmentation called 
neuromelanin in these neurons (35). It has been 
reported that (a) the dopamine-containing cell 
groups of the normal human midbrain differ 
markedly from each other in the percentage of 
neuromelanin-pigmented neurons tiiey con- 
tain; (b) the estimated cell loss in these cell 
groups in PD is directfy correlated with the 
percentage of neuromelanin-pigmented neu- 
rons normally present in them; and (c) within 
each cell group in PD brains, there is greater 
relative sparing of nonpigmented than of neu- 
romelanin-pigmented neurons (36). These re- 
sults suggest a selective vulnerability of the 
neuromelanin-pigniented subpopulation of 
mesencephaUc dopaminergic neurons in PD. 
To date, however, the role of neuromelanin 
within dopaminergic cells and its origin are not 
known. A new insight in this field comes from 
the observation that, in postnatal midbrain cul- 
tures exposed to low doses of L-DOPA, 
dopamineigic neurons accumulate a black pig- 
ment with the same characteristios as neu- 
romelanin (36a). This finding indicates that the 
formation of neuromelanin is clearly related to 

the presence of L-DOJPA/dopamine, and thus, 
this in vitro cellular system may represent a 
new tool with which to study the actual role 
played by neuromelanin in the neurodegenera- 
tive process. Another unresolved issue inherent 
to dopaminergic neuron degeneration in PD is 
the potential contribution of Lewy bodies in 
the death of these neurons. Along this line. Dr. 
Sulzer's group has also found that incubation 
of monoaminergic clonal PC-12 cells with L- 
DOPA induces ubiquitinated intraceUular in- 
clusions reminiscent of Lewy bodies. This ex- 
citing finding may enable us to identify the 
factors involved in the formation of the Lewy 
bodies as well as to determine their actual role 
in the neurodegenerative process. 

Dopamine metaboUsm by monoamine oxi- 
dase or by autooxidation leads to the forma- 
tion of hydrogen peroxide, superoxide radi- 
cals, and several reactive quinones and 
semiquinones that could contribute to the 
heightened state of oxidative stress in PD 
(37). Neuromelanin within dopaminergic 
neurons can bind ferric iron and reduce it to 
its reactive ferrous form (35). Taken together, 
tiiese results show that the SNc, because of its 
dopamine and neuromelanin content, is a des- 
ignated target for oxidative attack. This view 
leads us now to discuss the important ques- 
tions of oxidative stress and of mitochondrial 
dysfunction in PD (37). 

Oxidative Stress and Mitochondrial 
Dysfunction 

Several lines, of evidence suggest that the 
SNc-in PD is Ihe site of an oxidative stress 
(37). As mentioned above, several powerful 
oxidants are produced in the course of normal 
metabolism, mcluding hydrogen peroxide, su- 
peroxide, peroxyl and Itydroxyl, and even ni- 
tric oxide (NO). These molecules may cause 
cellular damage by reactmg with nucleic 
acids, proteins, lipids, and other molecules. 
Indeed, in the SNc of parkinsonian patients, 
there is evidence of increased malondialde- 
hyde and hydroperoxidase, which suggests 
lipid peroxidation, increased carbonyl pro- 
teins suggesting oxidized protems, increased 



THE UST DECADE IN PARKINSON'S DISEASE RESEARCH 181 

8-hydroxy-2-deoxyguanosine suggesting DNA 
damage, elevation of iron levels, increase in y- 
glutamyl transpeptidase activity, ?ind dimin- 
ished reduced glutathione:; The possibility that 
oxidative stress participates in the pathogene- 
sis of PD Offers therapeutic strategies based in 
the use of antioxidant agents in order to pro- 
vide neuropfotection. These may include free 
radical scavengers, glutathione-enhancing 
agents, iron chelators, and drugs that interfere 
with the oxidative metabolism of dopamine. 
To date, clinical trials have been performed 
with vitaniin E and deprehyl but have failed to 
show definite neuroprotection. 

One main source of reactive oxygen 
species is the niitochondria. It is thus relevant 
to mention that a reduction in the activity of 
the complex I (NADH-ubiquinone oxidore- 
ductase) of the mitochondrial electron trans- 
port chain in PD brains has been reported 
(38). This defect could subject cells to oxida- 
tive attack as well as energy failure. Further- 
more, it seems that the mitochondrial defect 
found in PD is generalized and not confined 
to the brain, as reduced complex I activity has 
been reported in platelets from PD patients. In 
addition, hybrid cells, in which mitochondrial 
DNA has been destroyed and repopulated 
with mitochondrial DNA from the platelets of 
PD patients, reproduce the defect in complex 
I activity (39). The latter finding suggests that 
the observed complex I deficit originates 
from an alteration in the mitochondrial rather 
than the nuclear genome. 

It is of importance to indicate that although 
mitochondrial dysfunction and oxidative me- 
tabolism may well be critical components in 
the cascade of deleterious events leading to 
the death of SNc dopaminergic neurons, sur- 
prisingly none of the data available to date did 
address the question as to whether these ab- 
normalities represent a primary or secondary 
events. Indeed, all of these data are merely 
circumstantial and correlative observations 
reported in autopsied brains in which most of 
the dopaminergic cells have already been de- 
stroyed, and thus the mechanistic value of au- 
topsy findings must be taken vidth a great deal 
of caution. ~^ 

Programmed Cell Death 

In recent years, there has been growing in- 
terest in the manner in which neuronal cells 
degenerate. In this context, the concept that 
programmed cell deatii (PCD) may play a role 
in the pathogenesis of neurodegenerative dis- 
orders has emerged as an important hypothe- 
sis. PCD represents an active form of cell 
death in which intrinsic cellular genetic pro- 
grams are activated, leading to cellular "sui- 
cide." This form of death must be distin- 
guished from the presumed passive cellular 
death resulting from a noxious effect or harsh 
environmental factors. PCD is also referred to 
as apoptosis because apoptosis is probably the 
most common morphologic type of PCD. 
However, it is important to mention that apop- 
tosis refers to a specific set of morphologic 
features and is not the sole and unique mor- 
phologically defined form of death encoun- 
tered in PCD (40). For instance, apoptosis is 
defined by the association of cell body and 
nucleus shrinkage, cbromatin cliunp forma- 
tion, DNA fragmentation, and condensation 
of cytosol and nucleosol, often with preserva- 
tion of organelles and phenotypic markers. 
The question of whether apoptosis occurs in 
neurodegenerative disorders should not be re- 
garded as an esoteric academic problem but 
rather as a line of research that can shed light 
into the pathogenesis of PD as well as open 
new therapeutic avenues. 

It has been reported that apoptosis occurs in 
the substantia nigra during normal develop- 
ment in rodents (41,42). It has also been 
demonstrated that this phenomenon is time de- 
pendent, paralleling the time-coiirse of synap- 
togenesis, is modulated by factors derived 
from the target (and/or postsynaptic neurons), 
and occurs ia dopaminergic neurons jper se as 
evidenced by TH immunostaining (41-44). 
Occurrence of SNc PCD has also been exam- 
ined in mature brains by studying e)q)erimen- 
tal models of PD. Along this line, it has been 
reported that intrastriatal injection of 6-hy- 
droxydopamine (6-OHDA) in developing ani- 
mals results in tiie induction of apoptosis in 
SNc dopaminergic neurons (45). This effect 
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seems to be explained by the destruction of 
dopaminergic terminals by 6-OHDA, thus in- 
terfering with target support, rather than a di- 
rect action of the toxin-inducing apoptosis. 
The ability of intrastriatal 6-OHDA to induce 
apoptotic death is developmentally dependent, 
with a major induction of death during the 
first two postnatal weeks but only a minor ef- 
fect at later postnatal times. Fxirthermore, at 
later postnatal days, 6-OHDA-induced cell 
deatii presented two different morphologies, 
apoptotic and nonapoptotic.-This suggests ei- 
ther that the toxin induces cell death by two 
different mechanisms or that the same fiinda- 
mental mechanism induces an apoptotic mor- 
phology in less mature, animals and a non- 
apoptotic morphology in more mature 
animals. Studies with MPTP in mice have re- 
ported mixed results. We initially reported that 
acute administration of MPTP, in which the 
drug was given in four separate doses admin- 
istered every 2 hours, resulted in a nonapop- 
totic cell death in the SNc (46). More recently, 
Tatton and Kish have reported (47) in a 
chronic model of MPTP administration (30 
mg/kg per day for five consecutive days) the 
occurrence of apoptosis in phenotypically de- 
fined dopaminergic netirons. Therefore, PCD 
plays a role in the MPTP mouse model of PD, 
depending on the administration schedule of 
the neurotoxin. Finally, in PD, the situation is 
more complex in that there is mixed evidence 
concerning whether apoptotic morphology 
can be identified in the postmortem PD brains 
of patients (48). It is important to note that 
apoptotic cell death seems to take place within 
a short period of time, making its identifica- 
tion difficult in a chronic degenerative disease, 
and that the quality of the autopsied material 
might not allow high-quality morphologic 
studies to be performed. 

The MPTP Mouse Model of PD 

■ The fact that MPTP causes a paikinsonian 
syndrome was discovered in 1982 when, a 
group of drug addicts in California exhibited a 
severe and irreversible akinetic rigid syndrome 
analogous to PD (49). Subsequently, it was 

found jthat this syndrome ^as induced by the 
self-administration (if a synthetic heroin analog 
whose synthesis had been heavily contami- 
nated by a by-product, MPTP (5). Since then, 
MPTP has been xised estensively as a model of 
PD (5,50i51). From neuropathologic data, 
MPTP administration causes damage to the 
dopaminergic pathways identical to that seen 
iniPD (52)..Like PD,.MPTP causes a greater 
loss of dopaminergic neurons in the SNc than 
in.the ventral tegmental area (53^54) and a 
greater degeneration of dopaminergic nerve 
tenninals in the putamen than in the caudate 
nucleus (55). Gn the other hand, the 
eosinophilic intraneuronal inclusions, Lewy 
bodies, so characteristic of PD, have thus far 
not convincingly been observed ui MPTP-in- 
duced parkinsonism (56). However, MPTP has 
never been recovered from postmortem braiii 
samples or body fluids of PD patients, consis- 
tent not viith MPTP ^causing PD but with its be- 
ing an excellent experimental model of PD. 
Accoirdingly, it can be speculated that elucidat- 
ing the molecular mechanisms of MPTP 
should lead to important insights into the 
pathogenesis and treatment of PD. 

The metabolism of MPTP is a complex, 
multistq) process (57). After its systemic ad- 
ministration, MPTPj which is highly ly- 
pophilic, rapidly crosses the blood-brain bar- 
rier and, once in the brain, this prptoxin is 
metabolized to l-methyl-4-phenyl-2,3-dihy- 
dropyridimixmi (MPDP*) (by the enzyme 
monoamine oxidase type B) and then to 
MPP*. Thereafter, MPP"^ gains access to 
dopaminergic neurons by binding.to plasma 
membrane dopamine transporter (DAT) (58). 
The obligatory'character of. this step in the 
MPTP neurotoxic process is demonstrated by 
the fact that blockade of DAT by specific an- 
tagonists such as mazindol (59) or ablation of 
DAT gene in mutant mice (60) completely 
prevents MPTP-induced toxicity. Conversely, 
transgenic mice with increased brain DAT ex- 
pression are more sensitive to MPTP (61). 

Inside dopaminergic neurons, MPP* can be 
concentrated by an active process within the 
mitochondria (62),. where it impairs mito- 
chondrial respiration by inhibiting complex I 
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of the electron transport chain (63-65). The 
inhibition of complex I impedes the flow of 
electrons along the mitochondrial electron 
transport chain, leading to a deficit in ATP 
formation. It appears, however, that complex I 
activity must be reduced by at least 70% to 
cause severe ATP depletibn (66) and that, in 
contrast to the situation in vitro, in vivo MPTP 
causes only a transient 20% reduction in 
mouse striatal and midbrain ATP levels (67). 
Another consequence of complex I inhibition 
by MPP* is an increased production of free 
radicals, especially of superoxide (68-70). 
The importance of MPP'^-related superoxide 
production in the dopaminergic toxicity 
process in vivo is demonstrated by the fact 
that transgenic mice with increased Brain ac- 
tivity of SODl are significantly more resis- 
tant to MPTP (71). However, superoxide is 
poorly reactive, and it is the. general consen- 
sus that this radical does not cause serious di- 
rect injury (72). Instead, superoxide is be- 
lieved to exert many or most of its toxic 
effects through the generation of other reac- 
tive spiscies such as hydroxyl radical, whose 
oxidative properties can idtimately kill cells 
(72). 

Superoxide can also react with NO to pro- 
duce peroxynitrite, a potent oxidaiit: (73). In 
light of this and of our previous woric on su- 
peroxide (71), we (74) and others (75,76) 
have assessed the role of NO in the MPTP 
neurotoxic process. These studies show that 
inhibition of NO synthase (NOS) by 7-ni- 
troindazole (7-NI), a compound that inhibits 
NOS activity without significant cardiovascu- 
lar effects in mice (77), attenuates, in a dose- 
dependent fashioii, MPTP-induced dopamin- 
ergic toxicity (74,75). The protective effect of 
the NOS antagonist 7-NI against MPTP-in- 
duced dopaminergic damage was subse- 
quently demonstrated in monkeys (76). 

Neuronai NOS (nNOS) is the predominant 
isofonn of NOS in the brain (78,79). Both by 
its abimdance and its localization, nNOS ap- 
pears to be an excellent candidate for produc- 
ing NO for MPTP; in' agreement with this 
possibility is our demonstration that mutant 
mice deficient in nNOS are partially pro- 

tected against MPTP (74). The fmding that 
mice are better protected by the NOS antago- 
nist 7-NI than by the lack of nNOS expression 
suggests that isoforms other than nNOS may 
also be involved in MPTP neurotoxic process. 
Consistent with this view, it should be men- 
tioned that inducible NOS (iNOS), which is 
not or is only minimally expressed in normal 
brains (80,81), is dramatically up-regulated 
after injury including that produced by MPTP 
(82). Indeed, early in the course of MPTP-in- 
duced dopaminergic neuron degeneration, 
there is an increase in midbrain iNOS activity 
within the robust glial reaictions that occur in 
the SNc following the administration of this 
toxin (82). Consistent with the important role 
of iNOS in the MPTP neurotoxic process is 
our demonstration that mutant mice deficient 
in iNOS are more resistant to MPTP (82). 

Among the various forms of damage pro- 
duced by peroxynitrite, ite presumed culprit 
in MPTP-mediated toxicity, is the oxidation 
of phenolic rings m proteins, and in particular 
of tyrosine residues (83), to form nitrotyro- 
sine as the most important product (84). Thus, 
detection and quantification of nitrotyrosine 
provide important indirect evidence that per- 
oxynitrite is involved in a patholojgic process. 
Relevant to the participation of peroxynittite 
in the MPTP model, it has been demonstrated 
that MPTP significantly mcreases striatal lev- 
els of nitrotyrosine in mice (75,85). Aside 
from its role as a marker^ nitrotyrosine can be 
a harmful modification, as it can inactivate 
en2ymes and receptors that depend on tyro- 
sine residues for their activity (86,87) and 
prevent phosphorylation of tyrosine residues 
important for signal transduction (88,89). 
This cascade of events appears quite relevant 
to MPTP's mode of action, as we have demon- 
strated that, followmg MPTP administration 
to mice, TH becomes inactivated by tyrosine 
nitration (90). Furthermore, peroxynitrite can 
damage, through oxidative processes, many 
vital cellular elements other than proteins 
(72). Among these, DNA is of unique impor- 
tance because it is the repository for genetic 
information and is present in a single copy. 
Oxidants such as peroxynitrite can cause a 
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range of DNA damage (72), which can possi- 
bly occur in the MPTP model as well as in 
PD. Indeed, our preliminary data generated in 
collaboration with Dr; M. F. Chesselet (De- 
partment of Neurology, UCLA) indicate that 
MPTP causes conspicuous DNA damage 
such as strand breaks in SNc neurons in mice. 

CONCLUSION 

This summary of a quite prolific decade 
has attempted to outline the findings and the 
direction of PD research, which we believe 
should lay the groundwork for the research 
that will take place during the coming new 
millennium. As illustrated above, unquestion- 
able progress has been made toward discover- 
ing tiie etiology and the pathogenesis of the 
disease. In light of this, and although much 
work is still before us, we should enter this 
new eria with significant hope and enthusiasm 
for finding a cure for PD. 
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ABSTRACT: Parkinson's disease (PD) is a common neurodegenerative disorder 
characterized by a progressive loss of dopaminergic neurons in the substantia 
nigra pars compacta. Recent observations link cycloosygenase type-2 (COX-2) 
to the progression of the disease. Consistent with this notion, studies with the 
dopaminergic neurotoxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP) show that inhibition and ablation of COX-2 markedly reduce the del- 
eterious effects of this toxin on the nigrostriatal pathway. The similarity be- 
tween this experimental model and PD strongly supports the possibility that 
COX-2 expression is also pathogenic in PD. 

KEYWORDS: inflammation; neurotoxicity; neurodegeneration; MPTP; Parkin- 
son's disease; reactive oxygen species; superoxide dismutase 

INTRODUCTION 

Inflammatory processes associated with an increased expression of cyclooxyge- 
nase (COX) and elevated prostaglandin E2 (PGE2) levels have been linked to a vari- 
ety of neurodegenerative disorders, including Parkinson's disease (PD), 
amyotrophic lateral sclerosis, and Alzheimer's disease.' COX, which converts 
arachidonic acid to PGH2, the prostaglandin precursor of PGE2 and several others, 
comes in eukaryotic cells in two main isoforms: COX-1, which is constitutively ex- 
pressed, and COX-2, which is inducible.^ COX-2 is rapidly upregulated at inflam- 
matory sites and appears to be responsible for the formation of proinflammatory 
PGs.^ Thus, COX-2 may contribute to the neurodegenerative process that is seen in 
Parkinson's disease^ and that are the focus of this manuscript. 

COX-2 BRAIN LOCALIZATION: EMPHASIS ON THE 
NIGROSTRIATAL PATHWAY 

COX-2 mRNA or protein is usually not detectable outside of a handful of discrete 
areas of the brain, where it is found primarily in neurons.'*'^ COX-2 immunoreactiv- 
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ity is observed mainly in distal dendrites and dendritic spines and, apparently, exclu- 
sively in excitatory neurons such as glutamatergic neurons.^ Consistent with this 
description, we found no evidence of definite COX-2 immunoreactivity either in 
normal mice or in human postmortem dopaminergic structures at the level of both 
the substantia nigra and the striatum, which correspond to the site of origin and of 
projection of the nigrostriatal neurons. 

Conversely, COX-2 becomes expressed in most neurons following a variety of in- 
sults.^ To a much lesser extent, COX-2 can also be upregulated by injury and disease 
in astrocytes and, more rarely, in microglial and endothelial cells.^ These consider- 
ations are perfectly in agreement with our COX-2 immunostaining data in PD post- 
mortem samples and in the l-methyl-4-phenyl-l,2,3,6-trerahydropyridine (MPTP) 
mouse model of PD.* Indeed, although we did not see clear COX-2 immunoreactiv- 
ity in any of the controls, except over the neurophil, strong COX-2 immunostaining 
was seen in cells in PD and MPTP midbrain samples. Almost all positive cells 
exhibited a neuronal morphology, and only a few resembled astrocytes. None ap- 
peared as microglial cells. By double immunostaining, we were able to show that the 
majority of COX-2-positive neurons in the MPTP mice were dopaminergic. Al- 
though Knott et al? have found more abimdant astrocytic COX-2 immunoreactivity 
in PD samples than we have (which could be related to technical differences), the 
two studies appear to agree that the majority of COX-2-positive cells in PD brains 
are neuronal. 

COX-2 INDUCTION IN PD AND MPTP BRAINS 

Among the many factors capable of inducing COX-2 expression are found many 
inflammatory cytokines, such as tumor necrosis factor (TNF)-a and interleukin 
(IL)-ip, as well as glutamate through the activation of the NMDA receptor and, pre- 
sumably, inducible nitric oxide synthase (iNOS).^ Relevant to PD and its experimen- 
tal model MPTP are the demonstrations that many of the aforementioned factors are 
significantly mcreased in the cerebrospinal fluid and the substantia nigra in these 
two pathological situations.^ It is worth noting, however, that while COX-2 upregu- 
lation occurs mainly in neurons, the factors potentially responsible for this induc- 
tion, as suggested above, may emanate fi-om gUal cells. This raises the possibility of 
an interesting deleterious interplay between neuron and glia in which the first neuron 
to die in PD would trigger a glial response that would, by releasing proinflammatory 
factors, induce the expression of COX-2 in neurons, enhancing the susceptibility of 
dopaminergic neurons to the degenerative process. According to this scenario, COX- 
2 would not initiate the demise of dopaminergic neurons, but rather facilitate it. If 
one were to accept this scenario, one might wonder how COX-2 participates in the 
neurodegenerative process. In the most obvious scenario, upon COX-2 induction in 
dopaminergic neurons, these cells start to produce significant amounts of PGE2 that 
would ampMfy the glial response and the production of glia-derived deleterious me- 
diators such as reactive oxygen species and proinflammatory cytokines. Relevant to 
this hypothesis is our demonstration that following MPTP administration a robust 
glial response develops* and that mitigating this reaction attenuates dopaminergic 
neuronal loss.^ At this point, however, we are not aware of any demonstration that 
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COX-2-derived PGE2 plays a signaling role in linking injured neurons to the activa- 
tion of glial cells. 

Another route by which COX-2 could contribute to the progression of nigrostri- 
atal neurodegeneration is via the oxidation of dopamine by COX-2 and the conse- 
quent production of dopamine quinones. In this case, glia-derived inflammatory 
events would lead to COX-2 induction in neurons that would employ dopamine to 
generate reactive quinones.'" These reactive dopamine quinones, which are widely 
known to react with nucleophiles,*' can bind covalently with cystein residues in pro- 
teins to form protein-bound 5-S-cysteinyl dopamine, a type of posttranslational 
modification that can seriously affect protein functions. 
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FIGURE 1. Effect of meloxicam on MPTP-induced SNpc dopaminergic neuronal 
death. (A) In saline-injected control mice, there are numerous SNpc tyrosine hydroxylase 
(TH)-positive netirons. (B) In mice treated with MPTP (30 mg/kg subcutaneous injection), 
the number of SNpc TH-positive neurons is reduced. (C-E) In mice treated with bofli MPTP 
and meloxicam, there is a noticeable attenuation of SNpc TH-positive neuronal loss. Scale 
bar: 200 \im. (Reproduced from Teismann & Ferger^^ with permission.) 



TEISMANN et al.: COX-2 AND NEURODEGENERATION IN PD 275 

TABLE 1. Effect of melosicam on MPTP toxicity 

Saline 

MPTP + MPTP + MPTP + 
MPTP +       meloxicam     meloxicam     meloxicam 

saline (2 mg/kg)      (7.5 mg/kg)     (50 mg/kg) 

Tyrosine hydrox- 
ylase (cells/ 
section) 

Nissl (cells/ 
section) 

76 ±2 

94 ±2 

36 ±4* 

54 ±6* 

34 ± 6* 

56 ±9* 

67d=4# 69±3# 

99 ± 3#      96 ± 56 ± 3# 

Dopamine 13.91 ±0.73 2.21 ±0.40*   2.22 ±0.53*   5.01±0.47# 5.61±0.35# 

DOPAC 0.99 ±0.06 0.23 ±0.03*   0.31 ±0.04*   0.43±0.03# 0.39 ± 0.03# 

HVA 1.30 ± 0.07 0.53 ±0.06*   0.63 ±0.08*   0.84±0.05# 0.86 ± 0.04# 

NOTIE: Counts of tyrosine-hydroxylase positive neurons and Nissl in three sections at the third 
cranial nerve and dopamine, DOPAC, HVA content after saline or MPTP (30 mg/kg s.c.) in 
meloxicam (0, 2, 7.5, 50 mg/kg i.p.)-pretreated mice. *P < 0.05, fewer than saline-control mice. 
ttP < 0.05, more than MPTP-injected mice and not different from control mice. Values are means 
± SEM (n = 8-12 per group). (From Teismann & Ferger;13 used with permission.) 

ROLE OF COX-2 IN THE MPTP MOUSE MODEL OF PD 

To demonstrate whether COX-2 actually plays a deleterious role in PD, we and 
other investigators have examined the effects of COX-2 inhibition on MPTP-induced 
dopaminergic neurotoxicity. In an earlier report, acetylsalicylic acid and salicyUc 
acid provided protection against MPTP neurotoxicity in mice, whereas diclofenac 
iailed to do so.^^ Because the feilure to observe neuroprotection by diclofenac could 
be due to poor brain entry, we have revisited the issue using meloxicam, a specific 
COX-2 inhibitor with better brain penetration.'^ In this subsequent study, the au- 
thors found that MPTP caused a significant reduction in striatal dopamine levels as 
well as in dopaminergic neuron numbers in the substantia nigra, which was markedly 
attenuated by meloxicam (FIG. 1 and TABLE 1). In another MPTP study, mutant mice 
deficient in COX-2 were used instead of pharmacological inhibitors. This study gen- 
erated essentially the same outcomes.''* These latter data confirm the significant role 
of COX-2 in MPTP-induced neurodegeneration. 

CONCLUSION 

COX-2 has emerged as a potential pathogenic factor in several neurodegenerative 
disorders, including PD. Several studies have shown that COX-2 protein is upregu- 
lated in dopaminergic neurons in PD and in its experimental model, MPTP. Although 
the actual mechanism by which COX-2 is involved in the nigrostriatal neurodegen- 
eration remains to be elucidated, the fact that both the inhibition and abrogation of 
COX-2 in MPTP-treated mice attenuates significantly the loss of dopaminergic neu- 
rons provides compelling evidence of its role in the pathogenesis of PD. 
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NOTE ADDED IN PROOF 

Since flie submission of this manuscript, we have pubKshed an article [Teismann, 
P, et al. 2003. Cyclooxygenase-2 is instrumental in Parkinson's disease neurodegen- 
eration. Proc. Natl. Acad. Sci. USA 100(9): 5473-5478] further supporting a critical 
role for COX-2 in both the pathogenesis and selectivity of the PD neurodegenerative 
process. In this paper, we show that COX-2 is upregulated in brain dopaminergic 
neurons of both PD and MPTP mice and that COX-2 induction occurs through a 
JNKc-Jun-dependent mechanism after MPTP administration. We demonstrate that 
targeting COX-2 does not protect against MPTP-induced dopaminergic neurodegen- 
eration by mitigating inflammation. Instead, we provide evidence that COX-2 inhi- 
bition/ablation prevents the formation of the oxidant species dopamine-quinone, 
which has been implicated in the pathogenesis of PD. 
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The l-Methyl-4-Phenyl-l,2,3,6- 
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ABSTRACT: Experimental models of dopaminergic neurodegeneration play a 
critical role in our quest to elucidate the cause of Parkinson's disease (PB). De- 
spite the recent development of "genetic models" that have followed upon the 
discovery of mutations causing rare forms of familial PD, toxic models remain 
at the forefront when it comes to exploring the pathogenesis of sporadic PD. 
Among these, the model produced by the neurotoxin l-methyl-4-phenyI- 
lA3>6-tetrahydropyridine (MPTP) has a competitive advantage over all other 
toxic models because once this neurotoxin causes intoxication, it induces in hu- 
mans a syndrome virtually identical to PD. For the past two decades, the com- 
plex pharmacology of MPTP and the key steps in the MPTP neurotoxic process 
have been identified. These molecular events can be classified into three 
groups: First, those implicated in the initiation of toxicity, which include ener- 
gy failure due to ATP depletion and oxidative stress mediated by superoxide 
and nitric oxide; second, Uiose recruited subsequently in response to the initial 
neuronal perturbations, which include elements of the molecular pathways of 
apoptosis such as Bax; and, third, those amplifying the neurodegenerative in- 
sult, which include various proinflammatory factors such as prostaglandins. 
Herein, these different contributing factors are reviewed, as is the sequence in 
which it is believed these factors are acting within the cascade of events respon- 
sible for the death of dopaminergic neurons in the MPTP model and in PD. 
How to target these factors to devise effective neuroprotective therapies for PD 
is also discussed. 

KEYWORDS: apoptosis; cell death; nitric oxide; neurotoxicity; neurodegenera- 
tion; MPTP; Parkinson's disease (PD); reactive oxygen species; superoxide 
dismutase 

INTRODUCTION 

l-Methy-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) is a byproduct of the 
chemical synthesis of a meperidine analog with potent heroin-like effects. MPTP 
can induce a parkinsonian syndrome in humans almost indistinguishable from Par- 

Address for correspondence: Dr. Serge Przedborski, BB-307, Columbia University, 650 West 
168th Street, New York, New York 10032. Voice: 212-305-1540; fax: 212-305-5450. 

SP30@columbia.edu 

Ann. N.Y. Acad. Sci. 991:189-198 (2003). © 2003 New York Academy of Sciences. 

189 



190 ANNALS NEW YORK ACADEMY OF SCIENCES 

kinson's disease (PD).' Recognition of MPTP as a neurotoxin occurred early in 
1982, when several young drug addicts mysteriously developed a profound parkin- 
sonian syndrome after the intravenous use of street preparations of meperidine an- 
alogs that, unknown to anyone, were contaminated with MPTP.^ In humans and 
nonhuman primates, depending on the regimen used, MPTP produces an irrevers- 
ible and severe parkinsonian syndrome that replicates almost all of the features of 
PD; in nonhuman primates, however, a resting tremor characteristic of PD has been 
demonstrated convincingly only in the African green monkey.^ It is believed that in 
PD the neurodegenerative process occurs over several years, while the most active 
phase of neurodegeneration is completed within a few days following MPTP admin- 
istration.'*'^ However, recent data suggest fhat, following the main phase of neuronal 
death, MPTP-induced neurodegeneration may continue to progress "silently" over 
several decades, at least in humans intoxicated with MPTP.*-'' Except for four 
cases,^'^ no human pathological material has been available for study; thus, the 
comparison between PD and the MPTP model is limited largely to nonhuman pri- 
mates.' Neuropathological data show that MPTP administration causes damage to 
the nigrostriatal dopaminergic pathway identical to that seen in PD,'*^ yet there is a 
resemblance that goes beyond the loss of substantia nigra pars compacta (SNpc) 
dopaminergic neurons. Like PD, MPTP causes a greater loss of dopaminergic neu- 
rons in the SNpc than in the ventral tegmental area* *'^^ and, in monkeys treated with 
low doses of MPTP (but not in humans), a greater degeneration of dopaminergic 
nerve terminals in the putamen than in the caudate nucleus.'^•''* However, two typ- 
ical neuropathologic features of PD have, until now, been lacking in the MPTP mod- 
el. First, except for the SNpc, pigmented nuclei such as the locus coeruleus have 
been spared, according to most published reports. Second, the eosinophilic intra- 
neuronal inclusions called Lewy bodies, so characteristic of PD, have not, thus far, 
been convincingly observed in MPTP-induced parkinsonism;' however, in MPTP- 
injected monkeys, intraneuronal inclusions reminiscent of Lewy bodies have been 
described.'^ Despite these imperfections, MPTP continues to be regarded as an excel- 
lent animal model of sporadic PD, and the belief is that studying MPTP toxic mecha- 
nisms will shed Ught on meaningful pathogenic mechanisms impMcated in PD. 

Over the years, MPTP has been used in a large variety of animal species, ranging 
from worms to mammals. To date, the most frequently used animals for MPTP stud- 
ies have been monkeys, rats, and mice.*^ The administration of MPTP through a 
number of different routes using different dosing regimens has led to the develop- 
ment of several distinct models, each characterized by some unique behavioral and 
neuropathological features. Herein, we will restrict our discussion to mice, since 
they have emerged as the preferred animals to explore cellular and molecular alter- 
ations produced by MPTP, in part because lines of engineered animals that are so 
critical to these types of investigations are available only in mice.*^ 

MPTP MODE OF ACTION 

As illustrated in FIGURE 1, the metabolism of MPTP is a complex, multistep pro- 
cess.** After its systemic administration, MPTP, which is highly lypophilic, rapidly 
crosses the blood-brain barrier. Once in the brain, the protoxin MPTP is metabolized 
to l-methyl-4-phenyl-2,3-dihydropyridinium (MPDP"*") by the enzyme monoamine 
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FIGURE 1. Schematic diagram of MPTP metabolism. After its systemic administra- 
tion, MPTP crosses the blood-brain barrier. Once in the brain, MPTP is converted to MPDP''^ 
by monoamine oxidase B within nondopaminergic cells, and then to MPP""" by an unknown 
mechanism. Thereafter, MPP+ is released, again by an unknown mechanism, in the extracel- 
lular space. From there, MPP^ is taken up by the dopamine transporter and thus enters 
dopaminergic neurons. 

oxidase B within nondopaminergic cells, and then (probably by spontaneous oxida- 
tion) to l-methyl-4-phenylpyridinium (MPP"*'), the active toxic compound. Thereaf- 
ter, MPP"*" is released (by an xmknown mechanism) into the extracellular space. Since 
MPP''" is a polar molecule, unlike its precursor MPTP, it cannot freely enter cells, but 
depends on the plasma membrane carriers to gain access to dopaminergic neurons. 
MPP""" has a high affinity for plasma membrane dopamine transporter (DAT),'' as 
well as for norepinephrine and serotonin transporters. The obligatory character of 
this step in the MPTP neurotoxic process is demonstrated by the fact that blockade 
of DAT by specific antagonists such as mazindol^*^ or ablation of the DAT gene in 
mutant mice^' completely prevents MPTP-induced toxicity. Conversely, transgenic 
mice with increased brain DAT expression are more sensitive to MPTP.-^^ 

Once inside dopaminergic neurons, MPP"*" can follow at least three routes 
(FIG . 2): (1) it can bind to the vesicular monoamine transporters (VMAT), which will 
translocate MPP* into synaptosomal vesicles;^^ (2) it can be concentrated within the 
mitochondria;^ and (3) it can remain in the cytosol and interact with different cyto- 
solic enzymes.^^ The fraction of MPP* destined to each of these routes is probably 
a fimction of MPP* intracellular concentration and affinity for VMAT, mitochondria 
carriers, and cytosoHc enzymes. The importance of the vesicular sequestration of 
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Enzymes 

FIGURE 2. Schematic diagram of MPP"*" intracellular pathways. Inside dopaminergic 
neurons, MPP""" can bind to the vesicular monoamine transporters, be translocated into syn- 
aptosomal vesicles, be concentrated by an active process within the mitochondria, and re- 
main in the cytosol and interact with different cytosolic enzymes. 

MPP'*' is demonstrated by the feet that cells transfected to express greater density of 
VMAT are converted from MPP'''-sensitive to MPP"'"-resistant cells.^^ Conversely, 
we demonstrated fhat mutant mice with 50% lower VMAT expression are signifi- 
cantly more sensitive to MPTP-induced dopaminergic neurotoxicity compared to 
their wild-type littermates.^* These findings indicate that there is a clear inverse re- 
lationship between the capacity of MPP'*' sequestration (that is, VMAT density) and 
the magnitude of MPTP neurotoxicity. Inside dopaminergic neurons, MPF*" can also 
be concentrated within the mitochondria (FIG. 2),^ where it impairs mitochondrial 
respiration by inhibiting complex I of the electron transport chain^^'^^ through its 
binding at or near the site of the mitochondrial poison rotenone.^''^*^ 

MPTP MECHANISM OF ACTION 

Currently, it is believed that the neurotoxic process of MPTP is made up of a cas- 
cade of deleterious events, which can be divided into early and late neuronal pertur- 
bations and secondary noimeuronal alterations. All of these, to a variable degree and 
at different stages of the degenerative process, participate in the ultimate demise of 
dopaminergic netwons. 
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Early Events 

Soon after its entry into dopaminergic neurons, MPF*" binds to complex I and, by 
interrupting the flow of electrons, leads to an acute deficit in ATP formation. It ap- 
pears, however, that complex I activity must be reduced >70% to cause severe ATP 
depletion in nonsynaptic mitochondria^* and that, in contrast to in vitro MPTP, in 
vivo MPTP causes only a transient 20% reduction in mouse striatal and midbrain 
ATP levels,^^ raising the question as to whether an MPP+-related ATP deficit can be 
the sole factor underlying MPTP-induced dopaminergic neuronal death. Another 
consequence of complex I inhibition by MPP"*" is an increased production of reactive 
oxygen species (ROS), especially of superoxide.^^"^^ A recent demonstration^* 
showed that early ROS production can also occur in this model fi'om the autooxida- 
tion of dopamine resulting from an MPPMnduced massive release of vesicular 
dopamine to the cytosol. The importance of MPP^-related ROS production in the 
dopaminergic toxicity process in vivo is demonstrated by the fact that transgenic 
mice with increased brain activity of copper/zinc superoxide dismutase (SODl), a 
key ROS-scavenging enzyme, are significantly more resistant to MPTP-induced 
dopaminergic toxicity than flieir nontransgenic littermates.^^ However, several lines 
of evidence support the concept that ROS exert many or most of their toxic effects 
in the MPTP model in conjunction with other reactive species such as nitric oxide 
^Q')38-4i produced in the brain by both the neuronal and the inducible isoforms of 
flie enzyme NO synthase.'*^''*^ Comprehensive reviews of the source and the role of 
NO in the MPTP model can be found in Przedborski and Vila' and in Przedborski 
and Dawson.** 

Late Events 

In response to the variety of functional perturbations caused by the depletion in 
ATP and the production of ROS, death signals, which can activate the molecular 
pathways of apoptosis, arise within intoxicated dopaminergic nevirons. Although at 
this time we cannot exclude with certainty the possibility that apoptotic factors are 
in fact always recruited regardless of MPTP regimen, only prolonged administration 
of low-to-moderate doses of MPTP is associated with definite morphologically de- 
fined apoptotic neurons.''*^ Supporting the implication of apoptotic molecular fac- 
tors in the demise of dopaminergic netirons after MPTP administration is the 
demonstration that the proapoptotic protein Bax is instrumental in this toxic mod- 
el.'** Overexpression of the antiapoptotic Bcl-2 also protects dopaminergic cells 
against MPTP-induced neurodegeneration.'*'''''^ Similarly, adenovirus-mediated 
transgenic expression of the X chromosome-linked inhibitor of apoptosis protein 
(XIAP), an inhibitor of executioner caspases such as caspase-3, also blocks the death 
of dopaminergic neurons in the SNpc following the administration of MPTP.'*''^" 
Additional caspases are also activated in MPTP-intoxicated mice such as caspase-8, 
which is a proximal effector of the tumor necrosis factor receptor (TNFr) family 
death pathway.^' Interestingly, however, in the MPTP mouse model it is possible 
that caspase-8 activation is consequent to the recruitment of the mitochondria-de- 
pendent apoptotic pathway and not, as in many other pathological settings, to the li- 
gation of TNFr.^^ Other observations supporting a role of apoptosis in the MPTP 
neurotoxic process include the demonstration of the resistance to MPTP of the fol- 
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lowing: mutant mice deficient in p53,^^ a cell cycle control gene involved in pro- 
grammed cell death; mice with pharmacological or genetic inhibition of c-Jim N 
terminal kinases;^'*"^* or mice that received a striatal adenoassociated virus vector 
delivery of an Apaf-1-dominant negative inhibitor.^' Collectively, these data show 
that during the degenerative process the apoptotic pathways are activated and con- 
tribute to the actual death of intoxicated neurons in the MPTP model. 

Secondary Events 

The loss of dopaminergic neurons in the MPTP mouse model is associated with 
a glial response composed mainly of activated microglial cells and, to a lesser extent, 
of reactive astrocytes.^* From a neuropathological standpoint, microglial activation 
is indicative of an active, ongoing process of cell death. The presence of activated 
microglia in postmortem samples fi-om MPTP-intoxicated individuals who came to 
autopsy several decades after being exposed to the toxin^' suggests an ongoing de- 
generative process and flius challenges the notion that MPTP produces a "hit and 
run" kind of damage. Therefore, this important observation^' suggests that a single 
acute insult to the SNpc by MPTP could set in motion a self-sustained cascade of 
events with long-lasting deleterious effects. With mice injected with MPTP and 
killed at different time points thereafter, it appears that the time course of reactive 
astrocyte formation parallels that of dopaminergic structure destruction in both the 
striatum and the SNpc, and that glial fibrillary acidic protein (GFAP) expression re- 
mains upregulated even after the main wave of neuronal death has passed.^" 
These findings suggest that, in the MPTP mouse model,^^ the astrocyte activation is 
secondary to the death of neurons and not the reverse. This conclusion is supported 
by the demonstration that blockade of MPP+ uptake into dopaminergic neurons com- 
pletely prevents not only SNpc dopaminergic neuronal death but also GFAP upreg- 
ulation.^ Remarkably, activation of microglia, which is also quite strong in the 
MPTP mouse model,^**^^'^^ occurs earlier than that of astrocytes and, more in^or- 
tant, reaches a maximum before the peak of dopaminergic neurodegeneration. In 
light of the MPTP data presented above, it can be surmised that the response of both 
astrocytes and microglial cells in the SNpc clearly occurs within a time frame allow- 
ing these glial cells to participate in the demise of dopaminergic neurons in the 
MPTP mouse model and possibly in PD. Activated microglial cells can produce a 
variety of noxious compounds, including ROS, reactive nitrogen species (RNS), 
proinflammatory cytokines, and prostaglandins. Observations showing that block- 
ade of microglial activation mitigates nigrostriatal damage caused by MPTP sup- 
ports the notion that microgUa participate in MPTP-imduced neurodegeneration.^^ 
Among specific deleterious factors, cyclooxygenase type-2 (Cox-2) has emerged as 
an important determinant of cytotoxicity associated with inflammation.^^'^^ In the 
normal brain, Cox-2 is significantly expressed only in specific subsets of forebrain 
neurons that are primarily glutamatergic in nature,*^ which suggests a role for Cox- 
2 in the postsynaptic signaling of excitatory neurons. However, under pathological 
conditions, especially those associated with a glial response, Cox-2 expression in the 
brain can increase significantly, as does the level of its products (for example, pros- 
taglandin Ej, or PGE2), which are responsible for many of the cytotoxic effects of 
inflammation. Interestingly, Cox-2 promoter shares many features with inducible ni- 
tric oxide synthase (iNOS) promoter;''" thus, these two enzymes are often coex- 
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pressed in disease states associated with gliosis. Therefore, it is not surprising to find 
Cox-2 and iNOS expressed in SNpc glial cells of postmortem PD samples;^' PGE2 
content is also elevated in SNpc from PD patients7^ Of relevance to the potential 
role of prostaglandin in the pathogenesis of PD is the demonstration that the phar- 
macological inhibition of both Cox-2 and Cox-l'^ and the genetic ablation of Cox- 
2 attenuates MPTP neurotoxicityj'* 
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TUNEL TECHNIQUE 
This technique enables the 
visuahzation of cells undergoing 
apoptosis by labelling the 
broken ends of the double- 
stranded DNA with biotin- 
conjugated dUTP, using the 
enzyme terminal 
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TARGETING PROGRAMMED CELL 
DEATH IN NEURODEGENERATIVE 
DISEASES 
Miquel Vila'*' and Serge Przedborski*^^ 

Molecular pathways of programmed cell death (PCD) are activated in various neurodegenerative 
disorders including Pari<inson's disease, amyotrophic lateral sclerosis and Huntington's disease. In 
these diseases, PCD might be pathogenic, and targeting it might mitigate neurodegeneration. To 
identify potential neuroprotective targets within the PCD machinery, the expression and activity of 
some of its components have been altered by genetic or pharmacological means in experimental 
models of neurodegenerative diseases. The results of these studies have provided leads for the 
development of neuroprotective strategies for these progressive, disabling and often fatal disorders. 

NEUROLOGICAL DISEASES     © 

Programmed cell death (PCD) is a physiological 
process in which molecular programs that are intrin- 
sic to the cell are activated to cause its destruction. 
This process is a fundamental property of all multi- 
cellular organisms and is crucial for their development, 
for organ morphogenesis, for tissue homeostasis and 
for defense against infected or damaged cells. The 
importance of PCD is emphasized by its remarkable 
degree of evolutionary conservation. However, exces- 
sive PCD can cause unwarranted cell death, which 
might lead to diseases such as immunodeficiency and 
neurodegeneration. 

The term PCD is often used interchangeably with 
'apoptosis' — a morphological form of cell death that 
is characterized by membrane blebbing, shrinkage of 
the cell body, nuclear condensation and DNA frag- 
mentation. However, apoptosis is only one morpho- 
logical form of PCD'; the molecular pathways linked 
to PCD are implicated in cell-death processes, the 
morphological diversity of which extends beyond 
apoptosis^'. At times, even necrosis, which is tradi- 
tionally considered to be a 'passive' death process (that 
is, death that does not rely on intracellular signalling 
pathways), has been prevented by anti-PCD com- 
pounds'*. In this article, we group under the term PCD 
(also sometimes referred to as 'active cell death'') all 

cell death forms that involve active intracellular 
processes, and use 'apoptosis' only in reference to the 
morphology of dying cells. 

Over the past ten years, three experimental waves 
have characterized the study of PCD in neurodegenera- 
tion. Initially, the focus was on the search for apoptotic 
cells in post mortem tissues. This effort was undertaken 
in relation to several neurodegenerative disorders and 
gave rise to conflicting results. One lesson learned from 
these investigations was that looking for apoptosis in 
post mortem human tissue is complicated by many con- 
ceptual and technical factors. First, it is difficult to detect 
apoptosis owing to the presumed low daily rate of 
neuron loss in neurodegenerative disorders and the pre- 
sumed rapid disappearance of apoptotic cells. Second, 
post mortem specimens typically derive from advanced 
stages of the disease, when most of the neurons that are 
affected by the pathological process are already lost. 
Third, most morphological post mortem studies rely on 
the so-called terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labelling (TUNEL) TECHNIQUE to 
document the presence of apoptotic cells. However, we 
now know that TUNEL is not specific for apoptosis, 
especially in human post mortem tissue, in which 
factors such as hypoxia can produce TUNEL-positive, 
non-apoptotic DNA damage*". 
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Box 1 I Programmed cell death and Alzheimer^ disease  

Amyloid-p (AP) — a pq)tide that accumulates in the brains of people with Alzheimer's 
disease (AD) and forms amyloid plaques—direcfly induces apoptosis of cultured 
neurons''*'. Therefore, many researchers have looked for signs of programmed cell death 
(PCD) in Alzheimer patients. Along this line, fragmentation of nuclear DNA, detected 
by terminal deoxynudeotidyl transferase-mediated dUTP nick-end labelling 
(TUNEL)''", has been detected in brains of people with AD, although this technique 
lacks specificity. More specific biochemical evidence that PCD might occur in AD is 
provided by the detection of activated caspases 3,8 and 9 in hippocampal neurons of 
brains affected by AD''""'^'. Moreover, pharmacological or molecular inhibition of 
particular members of the caspase family, such as caspases 2,3,8andl2,has been 
reported to offer partial or complete protection against Ap-induced apoptotic cell death 
in v/fro^''"'""'^'. Ap is derived from y-secretase-mediated processing of the amyloid 
precursor protein (APP), but it has been shown, in both cultured cells and brains 
affected by AD, that APP can also be cleaved by caspases, such as caspase 3, at sites 
distinct from the classic secretase-processing sites'^^ Caspase-mediated deavage of APP 
not only releases Ap, but can also release a carboxy-terminal peptide that is a potent 
inducer of apoptosis"'. Similarly, caspase 3-deaved fragments of tau, a microtubule- 
associated protein that is the primary protein component of the filaments found in the 
brains of people with AD, have also been detected in post mortem samples"'. Despite all 
of these data, there is no evidence of caspase activation or apoptotic cell death in animal 
models of AD and, therefore, there is no evidence in vivo for a potential benefidal effect 
of blocking PCD pathways in AD. 

Given these problems, many investigators have 
stopped using an exclusively morphological approach, 
and now include techniques that assess molecular 
components of the PCD machinery. Although this 
combined approach has often shed light on the state of 
PCD in neurodegenerative diseases, none of these post 
mortem findings have established a role for PCD in the 
pathogenic process. 

More recently, investigators have lost interest in 
the demonstration of PCD-associated cellular and 
molecular changes in human tissues, and they now 
focus on showing the actual role of PCD in the 
neurodegenerative process. To achieve this goal, key 
PCD molecules have been manipulated (either in 
transgenic or knockout studies), or inhibited by 
pharmacological agents or viral vectors in experi- 
mental models of neurodegenerative disorders. These 
studies have not only identified PCD components 
that either promote or prevent neuronal death, but 
they have also disclosed molecular targets for the 
development of drugs for preventing and treating 
neurodegenerative disorders. 

In this article, after discussing the molecular com- 
position of the PCD machinery, we review the results 
of manipulating such molecular pathways on the fate 
of neurons in experimental models of three promi- 
nent neurodegenerative disorders: Parkinson's disease 
(PD), amyotrophic lateral sclerosis (ALS) and 
Huntington's disease (HD). Although some work has 
been done on PCD in Alzheimer's disease' (BOX i), the 
benefit of targeting PCD in experimental models of 
Alzheimer's disease remains to be determined; so, we 
will not discuss Alzheimer's disease here. Similarly, we 
will not discuss PCD in stroke*, as this disorder falls 
outside the scope of an article on neurodegenerative 
diseases'. 

ZYMOGENS 
The inactive precursors of 
enzymes — often transft)rmed 
into the active enzyme by partial 
proteolysis. 

Molecular pathways of PCD 
The key mediators of PCD are the proteolytic enzymes 
called 'caspases', which cleave their substrates after spe- 
cific aspartic acid residues. Caspases exist as ZYMOGENS 

(procaspases) in almost every animal cell, and they 
become activated in response to intracellular signalling 
pathways that are triggered by various cellular perturba- 
tions, such as DNA damage and withdrawal of trophic 
support. The family of mammalian caspases comprises 
15 members, which can be divided into initiators (pro- 
caspases 2,8,9 and 10) and effectors (procaspases 3,6 
and 7) of PCD. 

The initiators are the first caspases to become activated 
in the PCD cascade. They have long amino-terminal 
prodomains that contain specific protein-protein interac- 
tion motifs. Through these domains, initiator caspases 8 
and 9 are activated after being aggregated by the adaptor 
molecules FADD (Fas-associating protein with death 
domain)'" and Apafl (apoptotic protease-activatingfac- 
tor 1)", respectively. On activation, initiator caspases can 
deave effector procaspases into their active forms, which 
are responsible for events such as mitochondrial damage, 
nuclear membrane breakdown, DNA fragmentation, 
chromatin condensation and, eventually, cell death. 

The Bcl2 family of proteins, which are implicated in 
the regulation of PCD, comprises members that have 
either anti-PCD (such as Bcl2 and Bcl-x,^) or pro-PCD 
(such as Bax and Bak) effects'^ Structurally, they all 
share some degree of similarity and can have up to four 
Bcl2-homology domains (BH1-BH4). Besides the many 
Bcl2 members that contain BH domains, such as Bcl2 
per se and Bax, there are molecules that share sequence 
homology only with the BH3 domain, such as Bid or 
Bim. These BH3-only proteins can act as intracellular 
death ligands, proximal to multidomain Bcl2 members, 
and can connect with proximal signal transduction 
pathways". Multidomain Bcl2 members can preserve 
or disrupt mitochondrial integrity by regulating the 
release of mitochondrial apoptogenic factors such as 
cytochrome c, Smac/Diablo or apoptosis-inducing fac- 
tor (AlF). Bcl2 can also inhibit initiator caspases by a 
mitochondrial-independent mechanism"''. 

The death receptor (or extrinsic) PCD pathway. The 
extrinsic PCD pathway (FIG. i) is recruited on activation 
of ceU-surfece death receptors such as Fas/CD95 and the 
tumour necrosis factor receptor 1 (TNFRl). Death- 
receptor activation is initiated by specific ligands called 
death activators — the Fas ligand binds to Fas, and 
TNFa binds to TNFRl. On binding, the intracellular 
'death domains' on these receptors associate with an 
adaptor protein that contains 'death effector domains', 
Fas associates with FADD, and TNFRl associates 
with FADD and TRADD (TNFR-associated protein 
with death domain). Adaptor proteins then recruit pro- 
caspase 8, leading to its activation. Activated caspase 8 
can then activate other caspases, either directiy or indi- 
rectly, by cleaving Bid (FIG. i). The extrinsic PCD path- 
way is especially instrumental in pathological conditions 
in which inflammation is a prominent feature. Because 
there is a growing appreciation that inflammation is a 
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Extracellular death signals 

Intraoellular death signals 

Figure 1 | Molecular pathways of programmed cell death. Extracellular signals through cellular 
death receptors, such as Fas, and intraoellular signals, including damage to subcellular constituents 
or endoplasmic reticulum stress, both trigger genetical^ programmed pathways of programmed 
cell death (PCD). The two main PCD pathways result in the activation of downstream executioner 
caspases and cell death. AIF, apoptosis-inducing factor; Cyt., cytochrome; FasL, Fas ligand; 
lAR Inhibitor of apoptosis; tBid, truncated Bid. 

feature of neurodegeneration with potential pathogenic 
signiflcance'^ targeting the extrinsic PCD pathway in 
neurodegenerative diseases is a warranted approach. In 
addition to being activated by the extrinsic pathway, 
procaspase 8 also seems to be cleaved by a mechanism 
that depends on the intrinsic pathway'^. 
The mitochondrial (or intrinsic) PCD pathway. In the 
intrinsic PCD pathway, death receptor-independent 
stimuli can trigger PCD by inducing translocation of 
pro-PCD molecules (such as Bax) to the mitochondria, 
with the subsequent release of mitochondrial apopto- 
genic factors (such as cytochrome c) to the cytosol (FIG. i). 
Once released from the mitochondria, cytochrome c 
interacts with two other cytosolic protein factors'', Apaf 1 
and procaspase 9, to activate caspase 3. The formation of 
this multimeric Apafl-cytochrome ccomplex might 
serve to increase the local concentration of procaspases 
for intermolecular cleavage, and to set a relatively high 
threshold of caspase activation so that an occasional leak- 
age of cytochrome c will not cause cells to undergo 
PCD". Smac/Diablo is another mitochondrial inter- 
membrane protein that is released into the cytosol on 
induction of PCD'*". Once in the cytosol, Smac/Diablo 
interacts with several inhibitors of apoptosis (lAPs), 
therefore relieving the inhibitory effect of lAPs on initia- 
tor (such as caspase 9) and effector caspases (such as cas- 
pase 3) ™-^'. In contrast to cytochrome c and Smac/Diablo, 

the release of AIF and endonuclease G from the mito- 
chondria! intermembrane space does not lead to caspase 
activation^^'^'. Under certain death-inducing stimuli, AIF 
translocates from the mitochondria to the nucleus where 
it induces caspase-independent, large-scale DNA frag- 
mentation^^. Similarly, endonuclease G, which is nor- 
mally involved in the replication of mitochondrial DNA, 
can translocate to the nucleus on induction of PCD, 
and can induce fragmentation of nuclear DNA^^ It has 
been reported that wah-1, the AIF homologue in 
Caenorhahditis elegans, associates and cooperates with 
endonuclease G to promote DNA degradation and 
apoptosis^''. 

Stress in the endoplasmic reticulum (ER), including 
the disruption of calcium homeostasis and accumula- 
tion of unfolded proteins in the ER, can also result in 
PCD^' through activation of caspase 12. Active caspase 
12 can, in turn, cleave caspase 9 (REF. 26). Pro-PCD mem- 
bers of the Bcl2 family — such as Bax and Bak — 
operate at the ER to maintain calcium homeostasis and 
regulate ER-dependent PCD". 

Targeting PCD in Parltinson'S disease 
Parkinson's disease (PD) is a common neurodegenerative 
disorder of unknown cause, characterized by resting 
tremor, slowness of movement, rigidity and postural 
instability^*. PD symptoms are attributed to the loss of 
dopamine (DA)-containing neurons in the substantia 
nigra pars compacta (SNPC). In the United States alone, 
this disease affects about one million people^*. Although 
several approved drugs alleviate PD symptoms, none of 
them seem to stop or slow the neurodegenerative process. 

Initially, the demonstration of increased numbers of 
TUNEL-positive DA neurons in the brains of patients 
with PD has been used to support the occurrence of 
apoptosis in this disease^'. Subsequent studies, using a 
greater variety of morphological tools, have either suc- 
ceeded^"-'^ or failed'"^ to find more apoptotic neurons 
in post mortem tissue from PD patients, leading to lively 
discussions in the field about whether apoptosis in PD is 
a myth or a reality. Moving away from morphological 
assessments, immunolocalization of Bax shows that a 
greater percentage of DA neurons in the SNPC were posi- 
tive for this pro-PCD protein in brains of patients with 
PD as compared with controls^. In addition, Bax content 
seemed higher in the remaining DA neurons", consistent 
with an ongoing neurodegenerative process. DA neurons 
with increased expression and subcellular redistribution 
of the anti-PCD protein Bcl-Xj^, and with increased activ- 
ity of the effector protease caspase 3, have been found in 
greater abundance in the SNPC of people with PD as 
compared with controls'*", although these findings 
could not be independently confirmed'^ Other PCD- 
related alterations detected in the brain of patients with 
PD include the activation of caspase 8 (REFS40,41) and cas- 
pase 9 (RER41). But despite this body of descriptive data, 
the evidence cannot be regarded as an unequivocal 
demonstration that PCD has a pathogenic role in PD. 

To address this crucial issue, it is necessary to use 
experimental models that allow manipulations of the 
PCD machinery and to assess their impact on neuronal 
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Box 2 I The MPTP model of Parkinson's disease  

l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) is a by-product of the chemical 
synthesis of a meperidine analogue with potent heroin-like effects that can induce a 
parkinsonian syndrome in humans almost indistinguishable from Parkinson's disease 
(p£,y 54_ gjjjj^ jjjg discovery that MPTP causes parkinsonism in humans and non-human 
primates, as well as in various other mammalian species, it has been used extensively as a 
model of PD. From neuropathological data, MPTP administration causes damage to the 
nigrostriatal dopamine (DA) pathway identical to that seen in PD, with the exception of 
the intraneuronal inclusions known as Lewy bodies. It is worthwhile noting that post 
mortem brain samples from patients with PD show a selective defect in the mitochondrial 
electron transport chain complex that is affected by MPTP"'''^ The metabolism of 
MPTP is a complex, multistep process (see figure). After its systemic administration, 
MPTP, which is a pro-toxin, rapidly crosses the blood-brain barrier and is metabolized to 
l-methyl-4-phenyl-2,3-dihydropyridinium(MPDP+) by the enzyme monoamine 
oxidase B (MAO-B) in non-DA cells, and then, probably by spontaneous oxidation, to 
l-methyl-4-phenylpyridinium (MPP+), the active toxic compound. MPP+ is then taken 
up by DA transporters, for which it has high affinity. Once inside DA neurons, MPP+ is 
concentrated by an active process within the mitochondria, where it impairs 
mitochondrial respiration by mhibiting complex I of the electron transport chain. The 
inhibition of complex I impedes the flow of electrons along the mitochondrial electron 
transport chain, resulting in an increased production of free radicals, which causes 
oxidative stress and activation of programmed cell death molecular pathways. 

Blood 

DOMINANT NEGATIVE 

A mutant molecule that can 
form a heteromeric complex 
with the normal molecule, 
knocking out the activity of the 
entire complex. 

death. For the past twenty years, the l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD 
has generated important insights into PD pathogenesis 
and the role of PCD in PD (BOX 2). In addition to the 
MPTP model, the chronic infiasion of rotenone to rats, 
which recapitulates most of the pathological hallmarks of 
PD"*^, is emerging as an invaluable model to investigate 
PD pathogenesis. But compared to MPTP, the rotenone 
model is technically challenging and might not be as 
specific for the SNPC DA neurons'" as initally claimed''^ 
Genetic models of PD, based on the overexpression 
of a-synuclein, have also been developed (see later discus- 
sion)'''"*, but the lack of consistent SNPC DA neurode- 
generation makes these models more suitable for studying 
pathogenic processes other than DA neuronal death. 

Alterations in energy metabolism, generation of 
reactive oxygen species (ROS) and perturbations in cal- 
cium homeostasis occur within hours of MPTP admin- 
istration —well before any significant neuronal death 
has occurred'"— raising the possibility that these events 
are not the main effectors of cell death. Instead, they 
could be intracellular signals that can set into motion 
deleterious molecular cascades — such as PCD activa- 
tion —which are ultimately responsible for the demise 
of DA neurons. The prolonged administration of rela- 
tively low doses of MPTP to mice leads to morphologi- 
cally defined apoptotic DA neurons'". Under this regime 
of MPTP intoxication, Bax is strongly upregulated in 
SNPC DA neurons", whereas Bcl2 is downregulated. In 
this model, activation of Bax induces the recruitment of 
the mitochondrial PCD pathway, with the subsequent 
activation of caspase 9 and caspase 3 (REFS 38,41). The key 
role of Bax in MPTP-induced neurotoxicity is illustrated 
by the demonstration that mutant mice deficient in Bax 
are resistant to the toxicity of MPTP". Overexpression 
of Bcl2 also protects DA cells against MPTP-induced 
neurodegeneration'^'". 

How the deregulation of Bcl2 family members occurs 
after MPTP administration is unknown. It is improbable 
that MPTP direcdy alters Bax expression and conforma- 
tion. Instead, it is more plausible that MPTP activates 
intracellular signalling pathways, which, in turn, cause 
Bax upregulation and its post-translational activation 
(for example, Bax oligomerization and internalization 
into mitochondrial membranes). The tumour supressor 
protein p53 is one of the rare molecules known to regu- 
late Boxexpression^'', and p53 is activated after MPTP 
intoxication'', probably in response to MPTP-induced 
DNA damage'^. Inhibition of p53 attenuates MPTP- 
induced Bax upregulation and the degeneration of 
DA neurons''. In addition, p53 null mice are resistant to 
the MPTP-induced death of DA neurons". Activation of 
the Jun N-terminal kinase (JNK) pathway has also been 
observed after MPTP administration"-'". Moreover, 
pharmacological blockade of JNK activation with CEP- 
1347/KT-7515 (REF.61) or CEP-11004, or its inhibition 
by adenoviral gene transfer of the JNK-binding domain 
of JNK-interacting protein 1 (REF. 60) resulted in a 
marked attenuation of MPTP-induced neurodegenera- 
tion. In vitro evidence indicates that JNK activation 
caused by DNA damage is required for the mitochondr- 
ial translocation of Bax and the resulting recruitment of 
the mitochondrial PCD pathway*^'*'. These data indicate 
that, in the MPTP mouse model of PD, both p53 and 
JNK might act in concert to cause Bax induction and the 
post-translational changes that are mandatory to its 
pro-PCD role. 

The intrinsic PCD pathway is recruited after MPTP 
administration"', and blockade of this PCD pathway by 
an intrastriatal injection of an adeno-associated viral 
(AAV) vector containing a DOMINANT-NEGATIVE form of 
Apafl prevents the MPTP-induced activation of caspase 
3 and the ensuing SNPC neuronal death*''. By contrast, 
data on the recruitment and the importance of the 
extrinsic PCD pathway in the MPTP mouse model is 
still lacking. 
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Figure 2 | Proposed mechanism of MPTP-induced programmed cell death. 
1 -methyl-4-phenylpyridinium (MPP*), the toxic metabolite of 1 -methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP), impairs mitochondrial respiration in dopaminergic neurons by inhibiting 
complex I of the electron transport chain. Inhibition of complex I impedes the flow of electrons along 
the mitochondrial electron transport chain, resulting in an increased production of reactive oxygen 
species (ROS). MPP* can also redistribute vesicular dopamine PA) to the cytosol. There, DA readily 
auto-oxidizes, thereby generating ROS. Both mitochondrial and cytolsolic MPP*-related ROS 
produtions damage cellular elements, including DNA, and probably alter the expression of redox- 
sensrtK/e transcription factors. ROS and damaged DNA actwate p53, wtiich induces upregulation of 
Bax. Bax is subsequently translocated into the mitochondria, probably by mediation of Jun N- 
temiinal kinase (JNK), where it induces the release of cytochrome (cyt.) c to the cytosol and the 
ensuing caspase activation and cell death. Approaches aimed at targeting different key elements of 
this cascade (red boxes) result in an attenuation of MPTP-induced neurodegeneration. DN, 
dominant-negative; JBD, JNK-binding domain; KO, knockout; rAAV adeno-associated vims vector 
delivery; tBid, truncated bid; Tg, transgenic, XIAP; X-chromosome-linked inhibitor of apoptosis. 

Approaches that are aimed at inhibiting PCD at the 
level of the effector caspases have given inconsistent 
results. Adenoviral gene transfer of X-chromosome- 
linked inhibitor of apoptosis (XIAP) — a protein 
caspase inhibitor — prevents MPTP-induced SNPC 
neuronal death, but does not prevent the loss of striatal 
DA nerve flbres*'^ By contrast, transgenic mice 
overexpressing p35 — a general caspase inhibitor — in 
neurons showed attenuated MPTP-induced DA cell 
death and striatal DA depletion'". The discrepancy 
betv^feen these tv^fo studies might be explained by the 
more comprehensive inhibition of caspases mediated by 
p35 compared with XIAP, as p35 not only inhibits exe- 
cutioner caspases (such as caspases 3 and 7), but also 
upstream initiator caspases, such as caspases 8 and 9. In 
both studies, however, DA cell death was assessed early 
after MPTP administration, raising the question of 
whether the obtained effect indicates an actual protec- 
tion or merely a delay in the cell death process. Similar 
to the findings with XIAP, some in vitro studies indicate 
that it is possible to produce resistance to cell death 

selectively at the level of the cell body. The broad- 
spectrum caspase inhibitor benzyloxycarbonyl-Val-Ala- 
Asp-fluoromethylketone (zVAD-fmk), and peptide 
inhibitors of caspases 2, 3 and 9 attenuate the loss of 
DA-containing ventral midbrain ceO bodies (but not 
neurites) exposed to the active metabolite of MPTP — 
l-methyl-4-phenylpyridinium (MPP+) — in culture^. 
This observation indicates that the molecular pathways 
that lead to the destruction of the soma might differ 
from those that govern axonal degeneration'"'. In 
another stud/°, zVAD-fmk failed to protect cultured 
ventral midbrain neurons from the effect of MPP*, but 
instead triggered a morphological switch from apopto- 
sis to necrosis. Minocycline, a clinically approved tetra- 
cycline derivative that inhibits microglial activation and 
presumably also inhibits caspase 1 and caspase 3 (REF. 68), 
mitigates MPTP-induced neurodegeneration*"'''". 
Caspase 8, an initiator caspase in the extrinsic PCD 
pathway, is also activated in MPTP-treated mice and in 
patients v\rith PD"""'. Paradoxically, activation of caspase 
8 in the MPTP model occurs after the recruitment of 
the intrinsic, and not the extrinsic, PCD pathway^', indi- 
cating that caspase 8 might participate in the amplifica- 
tion, rather than in the initiation of the PCD in SNPC 
DA neurons. 

Another molecule that has been linked to neuro- 
degeneration in PD is a-synuclein, mutations of which 
cause a familial form of PD"". a-Synuclein is also an 
important component of the neuropathological hall- 
mark of the disease — the intracellular inclusions 
known as Lewy bodies". In MPTP-treated animals, 
a-synuclein accumulates and becomes nitrated in 
the cytosol of SNPC DA neurons'"". Ablation of 
a-synuclein in mice prevents MPTP-induced neuro- 
degeneration'^. Although a direct link between a-synu- 
clein and DA cell death is not yet well established, 
expression of mutant a-synuclein in cell cultures pro- 
motes apoptosis", and cytochrome c stimulates the 
aggregation of a-synuclein in vitrd'^''^. Other pathways 
might also be involved in triggering PCD in PD. For 
example, in the substantia nigra from patients with PD, 
the levels of the antioxidant glutathione are reduced^" 
— an event that can induce PCD in neurons*'. 

Together, these data indicate that the molecular path- 
ways of PCD are involved in the death of SNPC DA neu- 
rons in experimental models of PD (FIG. 2). They support 
the contention that alterations in the components of the 
PCD machinery that have been identified in the brain of 
people with PD are of pathological importance. It is note- 
worthy that targeting PCD upstream of its execution 
phase results in a marked attenuation of neurodegenera- 
tion, whereas interfering at a more downstream level, 
such as caspase activation, produces variable results. This 
is of therapeutic relevance because, once the caspase exe- 
cutioner program is in place, its inhibition might only 
delay cell death. As the symptoms of PD are caused by the 
loss of DA terminals in the striatum, preventing the death 
of SNPC cell bodies without preventing the degeneration 
of their axons is unlikely to be a helpful therapeutic 
strategy. Neurons might have two self-destruction 
programmes, one for PCD in the cell body and a second 
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Box 3 [The transgenic S0D1 model of amyotrophic lateral sclerosis 

After the discovery that mutations in the gene that encodes the cytosolic free radical 
scavenging enzyme copper/zinc superoxide dismutase (SODl) are responsible for the 
familial form of amyotrophiclateral sclerosis (ALS)'"'"', it has been shown that the 
transgenic expression of different SOD I mutants in mice''^' and rats'^ replicates the 
clinical and pathological hallmarks of ALS. The age at onset of symptoms and the life 
span of these transgenic animals varies across different lines, depending on the mutation 
and its level of expression, but when symptoms appear, they invariably include motor 
abnormalities that progress with the same pattern as ALS''''^'. The first motor 
abnormality in mice is a fine tremor, in at least one limb, when the animal is held in the 
air by the tail'". Thereafter, weakness and atrophy of proximal muscles, predominating 
in the hindlimbs, develop progressively. At the end-stage of the disease (-140 days), mice 
transgenic for mutant SODl (G93A) are severely paralyzed and can no longer feed or 
drink on their own'". These end-stage mice have a profound loss of motor neurons 
(~50%), many dystrophic neurites, marked gliosis, some Lewy body-like intracellular 
inclusions and motor neurons filled with phosphorylated neurofilaments"'"'''^^ 

one for the axon'^. So, a combination of anti-PCD strate- 
gies might be required to obtain optimal clinical benefit 
from such neuroprotective approaches. 

Targeting PCD In amyotrophic lateral sclerosis 
Amyotrophic lateral sclerosis (ALS) is a relentless, fatal 
disorder that is characterized by a loss of the motor 
neurons in the cerebral cortex and spinal cord'^ The 
progressive decline of muscular function results in 
paralysis, speech and swallowing disabilities, emotional 
disturbance and, ultimately, respiratory failure, causing 
death within 2-5 years after the onset of the disease. So 
far, only a few approved treatments (such as mechanical 
ventilation and riluzole) prolong survival in patients 
with ALS to some extent. 

Whereas about 90% of ALS cases are sporadic (they 
show no genetic linkage), about 10% are inherited'^ 
Of these, about a fifth carry a dominant mutation in 
superoxide dismutase 1 (SODi). Transgenic expression 
of different human ALS-linked SODl mutations in 
mice'^'^and rats'* replicates the clinical and pathologi- 
cal hallmarks of ALS (BOX 3), regardless of whether the 
free-radical scavenging activity of SOD 1 is increased, 
normal or almost absent*'"". This observation, com- 
bined with the fact that mutant mice deficient in SODl 
do not develop any motor neuron disease'', indicates 
that the cytotoxicity of mutant SOD 1 is a GAIN-OF-FUNCTION 

effect". Transfected neuronal cells that express mutant 
SODl cDNA undergo apoptosis'", as do PC-12 cells 
transfected with mutant SODl {REF.91) and primary 
neurons from transgenic mice that express mutant 
SODl (REF.92). These in vitro data led investigators to 
consider whether mutant SOD 1 kills motor neurons by 
activating PCD. However, inhibition of PCD in 
transgenic mice that express mutant SODl delays, but 
does not permanendy prevent, neurodegeneration"''''. 
This indicates that the recruitment of PCD in this 
experimental model of ALS does not result from a direct 
effect, but from an indirect effect of the mutant protein 
on the PCD machinery''. In keeping with this view, 
mutant SODl has the propensity to form intracellular 
aggregates, the presence of which, in the cytosol of 
motor neurons, might impair microtubule-dependent 

GAIN-OF-FUNCTION 
A mutation that confers either a 
previously inexistent activity to 
the afferted protein or increases 
a pre-existing ftintion. 

PARAPTOSIS 
A form of programmed cell 
death that is related to apoptosis. 
It is transcription dependent and 
features swelling of the 
endoplasmic reticulum and 
mitochondria. However, it does 
not depend on caspase 
activation, except for caspase 9, 
lacks internudeosoma! DNA 
cleavage, and does not show 
other morphological hallmarks 
of apoptosis such as nuclear 
fragmentation. 

axonal transport"". It might therefore be possible that 
mutant SODl, by stimulating protein aggregation, 
causes important motor neuron perturbations that, in 
turn, trigger PCD. 

Although there are numerous reports on the neu- 
ropathological changes in the spinal cord of people with 
ALS, only a handful provide fine morphological 
descriptions of the dying motor neurons'^'". Some 
degenerating neurons have some features reminiscent of 
apoptosis, but none of these dying neurons can confi- 
dently be labelled as apoptotic. In mice transgenic for 
mutant SODl, clear apoptotic cells are seen in the spinal 
cord, but are they are rare" and can be immunoreactive 
for neurofilament or glial fibrillary acid protein""', indi- 
cating that both neuronal and glial cells are dying by 
apoptosis in this model. Non-apoptotic PCD variants, 
such as PARAPTosis' also seem to occur in this animal 
model of ALS"". The search for other markers of apop- 
tosis in ALS has generated conflicting results. In one post 
mortem study, DNA fragmentation was detected by 
TUNEL in the spinal cord motor neurons from patients 
with ALS, but not from controls'^l In two other studies, 
DNA fragmentation was detected not only in the motor 
cortex and spinal cord of people with ALS, but also in 
controls, although to a lesser degree'"'''"". In a subse- 
quent study, internucleosomal DNA fragmentation was 
detected in the motor cortex and spinal cord of patients 
with ALS, but not in spared regions, such as the 
somatosensory cortex". Here, DNA fragmentation was 
documented in the anterior horn of the spinal cord and 
in the motor cortex of patients by gel electrophoresis" 
— a highly specific technique that is not frequently used 
to identify apoptosis in the nervous system because of its 
lack of sensitivity. In contrast to these positive findings, 
other investigators, using similar techniques and tissue 
samples, have failed to provide any evidence of internu- 
cleosomal cleavage of DNA in post mortem tissue from 
patients with ALS or from animal models of the dis- 
ggjgios.ioe j^Q other apoptotic markers, the Le^ antigen 
and fractin, are highly expressed in the spinal cord of 
people with ALS'"^ and transgenic SODl mice", respec- 
tively, but neither marker has been detected in control 
subjects. Likewise, the levels of the PCD-related protein 
Par-4 (prostate apoptosis response-4) were increased in 
the spinal cord of patients with ALS and in mice 
transgenic for mutant SODl, compared with their 
respective controls"". 

The study of known molecular mediators of PCD, 
irrespective of the morphology of the dying cells, in post 
mortem ALS samples and in mice transgenic for mutant 
SODl has provided more consistent results. In the lum- 
bar cord of patients with ALS and transgenic SODl mice, 
the mRNA content of Bcl2 is decreased, whereas the 
level of Bax mRNA is increased as compared with 
controls""'"". At the protein level, spinal expression of 
Bcl2 and Bcl-Xj^ is either unchanged"" or decreased"'"", 
whereas that of Bax is increased"''°'''°'both in patients 
and SODl mice. Because different SODl mutations do 
not cause exactiy the same neuropathology, it is impor- 
tant to stress that a similar pattern of changes of pro- and 
anti-PCD Bcl2 family members has been found in the 
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Extracellular death signals 
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Cell death 

Figure 31 Targeting programmed cell death in amyotrophic lateral sclerosis. In a 
transgenic mouse model of amyotrophic lateral sclerosis (ALS), initiator caspases activate 
downstream effector caspases mainly through the recruitment of the mitochondrial programmed 
cell death pathway Interfering with different molecular elements of this cascade (red boxes), and 
particularly with caspase activation, signif canlly delays disease onset and mortality in this 
experimental model of ALS. Cyt., cytochrome; DN, dominant negative; Fast, Fas ligand; 
lETD lle-Glu-Thr-Asp-fluoromethylketane; tBid, truncated Bid; Tg, transgenic; 
zVAD-fmk, benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone.  

spinal cords of another line of mice transgenic for SODl 
that harbour a different SODl mutation'". None of 
these alterations, however, are seen in young asympto- 
matic transgenic mice, but they become progressively 
more manifest as the neurodegenerative process 
evolves"". In the spinal cord of both patients and affected 
transgenic SODl mice, Bax is not only upregulated, but 
it is also mainly expressed in its deleterious homodimeric 
conformation'*"". In mice, Bax is relocated from the 
cytosol to the mitochondria'*"^ These data indicate 
that, in ALS, the finely tuned balance between cell death 
antagonists and agonists is skewed towards death. 
Consistent with this idea, overexpression of Bcl2 miti- 
gates neurodegeneration in both in vitro and in vivo 
models of ALS" "and prolongs survival in transgenic 
SODJ mice'l As in the MPTP model, Bax upregulation 
in ALS is associated with p53 activation"' "I However, in 
contrast to the MPTP model, targeting p53 did not 
confer any protection against mutant SODl-mediated 
neurodegeneration"'*''''. 

The pro-PCD protein Bid is expressed in the spinal 
cord of transgenic SODJ mice and is cleaved into its most 
active form during the progression of the disease'"^. 
However, whereas cleaved Bid is seen in mice transgenic 
for mutant SOD 1 as early as the beginning of symptoms, 
activated caspase 8, which is known to cleave Bid, 
is detected only at the end-stage of the disease"^ 

This observation indicates that cleavage of Bid might 
occur in this ALS model by another mechanism, 
perhaps involving caspase 1 (REF. 116), the inhibition of 
which prolongs the life-span of these animals'". 
Evidence for a prominent recruitment of the mitochon- 
drial PCD pathway (that is, release of cytochrome c from 
the mitochondria to the cytosol) has been found in the 
spinal cord of patients and transgenic SODl mice"l 
Moreover, pharmacological inhibition of cytochrome c 
release delays disease onset and extends survival of trans- 
genic SODJ mice' 'I Activation of effector caspases, such 
as caspases 3 and 7, has also been reported in the spinal 
cord of patients with ALS" and of transgenic SODi 
mice in a time-dependent manner that parallels the pro- 
gression of the neurodegenerative process"""'. An 
instrumental role for caspases in ALS-related neurode- 
generation is evidenced by the demonstration that 
zVAD-fmk attenuates mutant SODl-mediated cell 
death in transfected PC-12 cells" and in transgenic 
SODJ mice'\ resulting in a delayed disease onset and 
mortality in these animals'^ It has also been reported 
that mRNA and protein levels of the intrinsic caspase 
inhibitor XIAP are decreased in the spinal cord of symp- 
tomatic SODJ mice, and that induction of XIAP in vitro 
rescues cells harbouring mutant SODl from death by 
inhibiting the activation of caspase 3 (REE 119). Activation 
of caspase 8, which mediates the death receptor pathway 
triggered by Fas, has been implicated in ALS in cultured 
embryonic motor neurons'^". In this study, apoptotic cell 
death induced by trophic factor deprivation was rescued 
by Fas-Fc, an antibody fragment that blocks interactions 
between Fas and FasL, and by the caspase-8 inhibitor Ile- 
Glu-Thr-Asp-fluoromethylketone (lETD-fink)'™. In the 
presence of neurotrophic factors, exogenous Fas activa- 
tors such as soluble FasL or anti-Fas antibodies triggered 
apoptosis of half of the purified motor neurons that 
were blocked by lETD-fink'^". Motor neurons isolated 
from transgenic mice that overexpress different ALS- 
linked SODl mutants showed increased susceptibility to 
activation of the Fas-triggered death pathway'2'. 
However, in vivo studies in mice transgenic for mutant 
SODJ indicate that activation of caspase 8, like induction 
of TNFa (REE 122), occurs in the spinal cord only near 
end-stages of the cell-death process'"*. This observation 
indicates that the extrinsic PCD pathway in this model 
might make a late contribution to the neurodegenerative 
process. 

Together (FIG. 3), the data that we have reviewed here 
indicate that interfering with PCD delays neuronal 
death and prolongs survival in experimental models of 
ALS. Eventually, these mice die despite the different 
interventions that we have discussed, indicating that tar- 
geting the PCD cascade can slow the death process but 
cannot abrogate it. 

Targeting PCD in Huntington's disease 
Huntington's disease (HD) is an autosomal dominant 
neurodegenerative disorder characterized by choreic 
involuntary movements that result from selective 
neuronal loss in the striatum and the cerebral cortex. 
HD is caused by expansions of the trinucleotide CAG in 
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the huntingtin gene, producing a protein containing poly- 
glutamine repeats'^'. Transgenic mice that overexpress a 
fragment of human huntingtin with an extended poly- 
glutamine region show reduced survival, intraneuronal 
aggregates and behavioural deficits similar to HD'^''. Of 
these transgenic mice lines, the R6/2 line has been the 
most thoroughly studied The length of the polyglutamine 
repeat is inversely correlated with the age of disease onset. 
HD is fatal, with a mean survival after onset of 15-20 
years, and, at present, there is no effective treatment. 

Although it is not known how mutant huntingtin 
promotes cell death, a self-amplification cascade of cas- 
pase activation has been proposed to participate. In post 
mortem brain tissue from patients with HD, TUNEL- 
positive cells, the morphology of which is reminiscent of 
what is found in apoptosis, have been detected in the 
neostriatum'"'^^. There is also evidence of the activa- 
tion of caspases 1 and 8 (REFS 127,128) in the brain of 
patients with HD. Activation of caspase 1 was assessed 
by determining the levels of one of its substrates, 
interleukin-ip, and this might therefore reflect an 
inflammatory response rather than an activation of 
PCD pathways. Also, it is not clear whether activation 
of caspase 1 occurred in neurons or other cell types. 

In experimental models of HD, there is evidence for 
the activation of caspases 1 and 3 (REF. 127). Furthermore, 
administration of ZVAD-fmk'" or minocycline^ — 
which inhibit caspases 1 and 3—delays disease progres- 
sion and mortality in the R6/2 transgenic mouse model 
of HD. Expression of a dominant-negative mutant form 
of caspase 1 in R6/2 mice extends survival and delays the 
appearance of neuronal inclusions, receptor alterations 
and the onset of symptoms'". Transgenic mice that 
express the caspase 1 dominant-negative mutation are 
also more resistant to neurotoxins that have been used to 
model HD, such as malonate and 3-nitropropionic 

acid'". Dietary restriction suppresses activation of 
caspase 1, reduces brain atrophy and the formation of 
huntingtin aggregates, delays disease onset and increases 
survival in another transgenic mouse model of HD, 
produced by the expression of a human amino-terminal 
truncated huntingtin with 82 polyglutamine repeats 
(HD-N171-82Q)"''. 

Although these findings indicate that caspases might 
be valuable targets for therapeutic intervention in HD, 
how mutant huntingtin triggers PCD remains an 
enigma. It has been shown"' that expression of 
extended polyglutamine repeats in vitro can directly 
activate initiator and effector caspases, such as caspases 
3,8 and 9. Moreover, wild-type huntingtin can attenuate 
PCD in cultured cells by preventing activation of cas- 
pase 3 through inhibition of the processing and activity 
of caspase 9 (REF. 132). However, the relationship between 
expanded polyglutamine repeats and PCD pathways 
seems more complex because, in addition to triggering 
the activation of PCD, some polyglutamine-containing 
proteins are caspase substrates. It has been shown that 
caspase 3 can cleave wild-type and mutant huntingtin 
proteins in vitro, thereby generating truncated frag- 
ments"'""^. Tnmcated fragments that contain expanded 
polyglutamine repeats show increased toxicity and 
propensity to aggregate, compared with the full-length 
protein'-"'"'''"^. Huntingtin fragments have been identi- 
fied in the brain of people with HD'""''"', but also in 
controls, indicating that caspase-mediated cleavage of 
wild-type huntingtin might occur as a normal physio- 
logical event. However, it is thought that cleavage of 
mutant huntingtin would release fragments with the 
potential for increased toxicity and accumulation, owing 
to the presence of the expanded polyglutamine tract'*. 

Caspase 8 is another caspase that might be involved 
in the pathogenesis of HD. This caspase is recruited to 

> to attenuate neurodegeneration in experimental models by targeting programmed cell death 

Disease Experimental model Genetic manipulation Viral vector delivery Pharmacological inhibition 

PD MPTP-treated mice Bax KO^' 
of JIP-1 (REF 60) 

Bcl2Tg5"' 

JNK binding domain 
CEP-1347/KT-7515(JNK)«' 

Pifithrin-a/Z-1-117{p53)" 

CEP-11004 (JNK)'" 

p53 KO'^ Apaf1 (REE 64) Minocycline (caspasesi, 3, cyt. c)^''™ 

Baculoviral p35 Tg'" XIAP^5 

Mesencephalic 
dopaminergic 
neurons in culture 

zVAD-fmk/M-920 (REE 66) 
zVDVAD-fmk (caspase 2)^ 
zDEVD-fmk/M-725 (caspase 3)^ 
zLEHD-fmk (caspase g)*** 

ALS Transgenic SOD 7 mice 

Embryonic motor 
neurons in culture 

Bcl2Tg" 

Caspase 1-DN Tg"' 

zVAD-fmk'^ 

Minocycline (caspase 1,3, cyt. c)'" 

lETD-fmk (caspase 8)'^" 
Fas-Fc(Fas-FasL)'2'' 

HD Transgenic R6/2 mice Caspase 1-DNTg'" zVAD-fmk'" 
Minocycline 
(caspase 1,3, cyt. c)^ 

Striata! neurons in culture Wild-type huntingtin transfection"^ 

ALS, amyotrophic lateral sclerosis; cyt., cytochrome; DN, dominant-negative; Fast, Fas Ligand; HD, Huntington's disease; lETD, lle-Glu-Ttir-Asp-fluoromethylketane; 
JNK, Jun N-termina! kinase; JIP, JNK intaaoting protein-1; KO, knockout; MPTR 1 -mettiyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson's disease; S0D1, superoxide 
dismutase; Tg, transgenic; XIAR X-otiromosome-linked inhibitor of apoptosis; zDEVD-fmk, benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoronnethylketone; 
zLEHD-fmk, benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-fluoromethy!ketone;zVAD-fmk, benzyloxyoarlJonyl-Val-AIa-Asp-fluoromethylketone; 
zVDVAD-fTTik, benzyloxycarbonyl-Val-Asp-Val-Ala-Asp-fluoromethylketone. 
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intracellular aggregates and is subsequently activated in 
neuronal cells that express an expanded polyglutamine 
repeat'^l In this system, caspase inhibition prevents cell 
death but not inclusion formation'^'. Furthermore, acti- 
vated caspase 8 has been detected in the insoluble frac- 
tions of brains of people with HD but not of controls, 
further supporting the idea that caspase 8 is recruited to 
aggregates and subsequently activated'^'. It has also beeri 
proposed that caspase 8 activation in HD is mediated by 
the formation of pro-PCD heterodimers between Hipl 
(huntingtin interacting protein 1) and Hippi (Hipl 
protein interactor), which is favoured by the disease- 
associated polyglutamine expansion'^'. This non-recep- 
tor-mediated pathway for activating caspase 8 might 
trigger PCD through components of the extrinsic ceU- 
death pathway and contribute to neuronal death in HD. 

Together, these data indicate a complex association 
between expanded polyglutamine reapeat-containing 
proteins and caspase activation, indicating that caspases 
might also be a useftil target for therapeutic intervention 
inHD. 

Conclusions and perspectives 
The different studies that we have reviewed here indi- 
cate that key molecular components of PCD are 
recruited in PD, ALS and HD. Much of the data on the 
occurrence of PCD in these diseases has been obtained 
by studying post mortem human brain samples. 
However, the information on the temporal relationship 
between these molecular changes, and their importance 
in the pathologic cascade, emanates largely from the use 
of animal models. Although not all of the diseases that 
we have reviewed show identical PCD changes, two gen- 
eral conclusions can be formulated. First, activation of 
PCD molecular pathways is a consistent feature of neu- 
rodegeneration. Second, PCD is not the sole mediator of 
cell demise in these disorders, but is a key component 
within a coalition of deleterious mechanisms that are 
responsible for the degenerative process. 

The question of whether PCD pathways are involved 
in the demise of neurons in neurodegenerative diseases 
is more than academic, as it has important implications 
for the rational development of therapeutic strategies 

(TABLE 1). However, although the molecular complexity 
of the PCD cascade potentially offers many opportuni- 
ties for its modulation, such pathways contain few con- 
ventional drug targets, such as enzymes and receptors. 
Therefore, researchers are focusing on other strategies to 
affect the components of the PCD pathway'''^ One 
approach is the modulation of the expression of key 
molecular components of the PCD machinery by gene 
and antisense therapy, but these technologies stiU need 
further development. Also, the problem of whether 
PCD can be selectively modulated in a specific organ or 
cell type, without adverse effects on others, remains to 
be solved. This issue is especially important in the con- 
text of chronic processes such as neurodegeneration 
that would require a sustained anti-PCD treatment. 
This problem could eventually be solved by fusing anti- 
PCD molecules with other molecules that are tagged to 
be recognized by tissue-specific receptors or uptake sys- 
tems (for example, DA transporters). Alternatively, the 
problem could be tackled by synthesizing anti-PCD 
molecules as inactive pro-molecules that would be 
enzymatically activated in specific tissues or cell types 
(for example, by tyrosine hydroxylase in DA neurons). 

One of the few potential pharmacological 
approaches that could modulate PCD involves 
inhibitors of caspase activity. According to the data that 
we have reviewed here, caspase inhibition might indeed 
delay cell death in different experimental models of 
neurodegeneration. However, targeting PCD at such a 
downstream point seems insufficient to stop the de- 
generative process. Nevertheless, it should be possible to 
combine caspase inhibition with other treatments 
directed at upstream events, as we believe that activation 
of PCD in neurodegenerative diseases is not a primary 
event. Instead, we think it is a'suicide' decision, taken by 
cells that are affected by disease-related abnormalities 
such as inflammation, mitochondrial dysfunction, 
oxidative stress, or misfolding and aggregation of pro- 
teins. Targeting PCD alone is therefore unlikely to be 
sufficient to obtain a beneficial therapeutic effect. 
Optimal neuroprotection might require administration 
of a pharmacological cocktail directed against several 
pathogenic events. 
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Abstract: Parkinson's disease (PD) is a common neurodegen- 
erative disorder characterized by the progressive loss of the 
dopaminergic neurons in the substantia nigra pars compacta 
(SNpc). The loss of these neurons is associated with a glial 
response composed mainly of activated microglia] cells and, to 
a lesser extent, of reactive astrocytes. "Iliis glial response may 
be the source of trophic factors and can protect against reactive 
oxygen species and glutamate. Alternatively, this glial response 
can also mediate a variety of deleterious events related to the 

production of pro-oxidant reactive species, and pro-inflamma- 
tory prostaglandin and cytokines. We discuss the potential 
protective and deleterious effects of glial cells in the SNpc of 
PD and examine how those factors may contribute to the 
pathogenesis of this disease. © 2002 Movement Disorder 
Society 

Keywords:    astrocyte; gliosis; IL-IP, iNOS; microglia; 
MPTP; neurodegeneration; Parkinson's disease 

Parkinson's disease (PD) is a common neurodegenera- 
tive disorder characterized mainly by resting tremor, 
slowness of movement, rigidity, and postural instability' 
and associated with a dramatic loss of dopamine-con- 
taining neurons in the substantia nigra pars compacta 
(SNpc).2 Currently, the number of PD patients has been 
estimated at —1,000,000 in Ncoth America with 
—50,000 newly affected individuals each year." To date, 
the most effective treatment for PD remains the admin- 
istration of a precursor of dopamine, L-dopa, which, by 
replenishing the bram in dopamine, alleviates almost all 
PD symptoms. The chronic administration of L-dopa, 
however, often causes motor and psychiatric side effects, 
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which may be as debilitating as PD itself.^ Moreover, as 
of yet there is no evidence that L-dopa therapy can 
impede the neurodegenerative process in PD. Thus, there 
is an urgent need to acquire a better imderstanding of 
both etiologic (i.e., causes) and pathogenic (i.e., mecha- 
nisms of cell death) factors impUcated in the neurode- 
generative process of PD; not only to prevent the disease, 
but also to develop therapeutic strategies aimed at halting 
its progression. Although etiological factors (e.g., mutant 
a-synuclein, mutant parkin, and several others that re- 
main to be identified) are presumably pivotal in the 
initiation of the demise of SNpc dopaminergic neurons in 
PD, it has been recognized increasingly that additional 
factors underlie the propagation of the neurodegenerative 
process. To elucidate such factors, and consequently to 
develop new therapies, the neuropathology of PD has 
been revisited in search of abnormalities that could shed 
light on these additional pathogenic culprits. In keeping 
with this goal, it is important to mention that aside from 
the dramatic loss of dopaminergic neurons, the SNpc is 
also the site of a glial reaction in both PD and experi- 
mental models of PD."-^ 
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Gliosis is a prominent neuropathological feature of 
many diseases of the brain whose sole and unique func- 
tion has been thought, for many years, to be the removal 
of cellular debris. Mounting evidence indicates that the 
lole played by gliosis in pathological situations may not 
be restricted to its "housekeeping" function but may also 
include actions that significantly and actively contribute 
to the death of neurons, especially in neurodegenerative 
disorders like PD. Yet, several lines of evidence indicate 
that gliosis may actually exert very different effects in 
the diseased brain as, depending upon the situation, it 
may mediate either beneficial OT harmful events. We 
summarize the observations regarding gliosis in PD and 
in experimental models of PD as well as outline recent 
findings regarding the potential role of gliosis in the 
overall neurodegenerative process fliat occurs in PD. 

Before discussing the question of gliosis in PD, it is 
important to remind the reader that glia cells are com- 
posed of macroglia that includes astrocytes and oligo- 
dendrocytes, and microglia. As pointed out by Wilkin 
and Knott,* oligodendrocytes, which are involved in the 
process of myelination, have not been implicated in PD, 
whereas both astrocytes and microglial cells have. Ac- 
cordingly, the focus of this review will be on astrocytes 
and microglial cells. Astrocytes are crucial, in the nor- 
mal, undamaged aduh brain, for the homeostatic control 
of the neuronal extracellular environment.* Conversely, 
little is known about microglial functions in the normal 
adult/mature brain. After an injury to the brain, astro- 
cytes and microglial cells undergo various phenotypic 
changes that enable them to both respond to and to play 
a role in the pathological processes.'"* FOT instance, 
microglial activation is characterized by: proliferation, 
increased or de novo expression of marker molecules 
such as major histocompatibility complex antigens, mi- 
gration, and eventually transformation into a macro- 
phage-like appearance." 

Glial Reaction in PD 
In normal brains, neither resting astrocytes nor micro- 

glial cells are evenly distributed.'^'* The density of 
microglial cells is remarkably higher in the substantia 
nigra (SN) compared to other midbrain areas and brain 
regions such as the hippocampus.'" This observation 
comWned with the finding that SN neurons are much more 
suscqptible to activated microglial-mediated irijury''' lend 
support to the idea that gliosis may play an especially 
meaningful role in PD. 

The nigrostriatal pathway is the most affected dopa- 
minergic system in PD. The neurons that form this path- 
way have their cell bodies in the SNpc and their nerve 
terminals in the striatum. Of particular relevance to this 

review is the finding that the loss of dopaminergic neu- 
rons in post-mortem parkinsonian brains is associated 
with a significant glial reaction."-*-''-'* Although the 
damage to dopaminergic elements is consistently more 
severe in the striatum than in the SNpc, the response of 
glial cells is consistently more robust in the SNpc than in 
the striatum.5 xhig discrepancy can be explained by the 
fact that dopaminergic structures that are degenerating 
are in dominance in the SNpc, whereas they are in the 
minority in the striatum as dopaminergic synapses rep- 
resent <15% of the entire pool of synapses in the stria- 
tum.'"'-'* Aside from this topographical difference, the 
magnitudes of the astrocytic and microglial responses in 
parkinsonian brains are also very different The SNpc of 
many but not all post-mortem PD cases exhibits, at best, 
a mild increase in the number of astrocytes and in the 
immunoreactivity for glial fibrillary acid proteins 
(GFAP)"'*; a full-blown reactive astrocytes have been 
observed only in a few instances." The density of GFAP- 
positive astrocytes seems to be inversely related to the 
magnitude of dopaminergic neuronal loss across the dif- 
ferent main dopaminergic areas of the brain in PD post- 
mortem samples.'^ This suggests that dopaminergic neu- 
rons within areas poorly populated with astrocytes are 
more prone to degenerate. Among the astrocytic patho- 
logic features seen in PD, the count of a-synuclein 
positive-inclusions within SNpc astrocytes correlates 
positively with the severity of SNpc dopaminergic neu- 
ronal loss"; whether these inclusions have any patho- 
genic significance remains unknown. Unlike the astro- 
cytic response, the activation of microglial cells in PD is 
consistently dramatic.'"'* Microscopically, this micro- 
glial response in the SNpc culminates in those sub- 
regions most affected by the neurodegenerative pro- 
cess.'"'* Moreover, activated microglial cells are 
predominantly found in close proximity to free neu- 
romelanin in the neuropil and to remaining neurons, cmto 
which they sometime agglomerate to produce an image 
of neuronophagia.' 

Glial Reaction in Parkinsonian Syndromes 
Among the various parkinsonian syndromes, PD does 

not have a monopoly on the association of nigrostriatal 
neurodegeneration and gliosis.^" In most of these syn- 
dromes, the magnitude of SNpc DA neuronal loss is 
variable, Lewy bodies are often lacking, and, more im- 
portantly, neurodegenerative changes extent well beyond 
the SNpc and the dopaminergic neurons. Yet, there is 
some ^osis noted quite consistently at the level of the 
SNpc as well as at the level of the other affected regions 
of the brain. Interestingly, even in the initial reports on 
px)gressive supranuclear palsy^' and striatonigral degen- 
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eration,^^ giiosis was already recognized as a prominent 
feature of the pathological changes seen in these syn- 
dromes. Likewise, histological examination showed 
frank giiosis in most of the familial forms of parkinso- 
nian syndromes whether they are linked to unknown^' or 
known gene defects such as mutations in parkin^''-^' or in 
a-synuclein.26 To date, however, although the occur- 
rence of giiosis in all of ftese conditions is clearly 
indicated, unlike in PD, no detailed description is pro- 
vided regarding the glial response and especially whether 
it comprises astrocytes or microglia or both. 

GLIAL REACTION IN EXPERIMENTAL 
MODELS OF PD 

The neuropathological picture found in experimental 
models of PD is very similar to that found in PD itself. 
Among these models," the 6-hydroxydopamine (6- 
OHDA) and the l-methyl-4-phenyl-l,2,3,6-tetrahydro- 
pyridine (MPTP) models are the ones that have been the 
most extensively used and, thus, not surprisingly these 
are the ones for which we have the largest amount of 
neuropathological information. Remarkably, the glial re- 
sponse found in rodents after the administration of 
6-OHDA^'^*-'' is fairly comparable to that seen after tfie 
administration MPTP. Given this fact, and given that 
neuropathological data in humans are only available for 
the MPTP toxin, our discussion on the glial response in 
experimental models of PD will be restricted to the 
MPTP model. As a preamble to this discussion, it is 
worth providing a brief review of the MPTP model.*^ 
The fact that MPTP causes a parkinsonian syndrome was 
discovered in 1982 when a group of drug-addicts in 
California were rushed to the emergency room with a 
severe bradykinetic and rigid syndrome.^' Subsequently, 
it was discovered that this syndrome was induced by the 
self-administration of street batches of a synthetic me- 
peridine analogue whose synthesis was heavily contam- 
inated with a by-product, MPTP.^* In the period of a few 
days after the administration of MPTP, these patients 
exhibited a severe akinetic rigid syndrome reminiscent of 
PD, and L-dopa was tried with great success, relieving 
the symptoms of these patients. Since the discovery that 
MPTP causes parkinsonism in human and nonhuman 
primates as well as in various other mammalian species, 
this neurotoxin has been used extensively as a model of 
PD 34,37,38 por MPTP utility and safety see Przedborski 
and colleagues' technical review.^' 

In human and nonhuman primates, MPTP produces an 
irreversible and severe parldnsonian syndrome that rep- 
licates aU of the cardinal clinical features of PD. Al- 
though it is believed that the neurodegenerative process 
in Parkinson's disease occurs over several years, how- 

ever, the most-active phase of neuronal death after 
MPTP administration is presumably completed over a 
short period of time, producing a clinical condition con- 
sistent with "end-stage PD" in a few days. Brain imaging 
and neuropathological data suggest that after the acute 
phase of neuronal death, nigrostriatal dopaminergic neu- 
rons continue to succumb at a much lower rate for many 
years after MPTP exposure."""' From a neuropatholog- 
ical standpoint, MPTP administration causes damage to 
the dopaminergic pathways identical to that seen in PD 
with a resemblance that goes beyond the degeneration of 
nigrostriatal dopaminergic neurons. For instance, as in 
PD, MPTP causes a greater loss of dopaminergic neurons 
in the SNpc than in the ventral tegmental area''^''' and a 
greater degeneration of dopaminergic nerve terminals in 
the putamen than in the caudate nucleus, at least in 
monkeys treated with low dose of MPTP,"" but appar- 
ently not in acutely intoxicated humans."^ Two typical 
neuropathological features of PD have, until now, been 
lacking in the MPTP model. First, except for the SNpc, 
other pigmented nuclei such as the locus coeruleus have 
been spared, according to most published reports. Sec- 
ond, the eosinophilic inti-aneuronal inclusions called, 
"Lewy bodies," which are so characteristic of PD, have 
thus far not been convincingly observed in any of the 
MPTP-intoxicated humans or animals."* More relevant 
to the topic of this review is the fact that in the few 
MPTP-intoxicated individuals who came to autopsy, 
post-mortem examination shows a marked glial reaction 
in the SNpc whose magnitude seems to parallel that of 
dopaminergic netironal loss."' In all three autopsy cases, 
reactive astrocytes, activated microglial cells, and im- 
ages of neuronophagia are abundantly seen in the 
SNpc."' 

The aforementioned studies indicate that the glial re- 
sponse in the SNpc is fairly similar between humans with 
PD and those intoxicated by MPTP, although a more 
significant astrocytic reaction is seen hi the latter."' From 
a neuropathological standpoint, microglial activation and 
especially neuronophagia is indicative of an active, on- 
going iHOcess of cell death. Although this contention is 
consistent with the fact that PD is a progressive condi- 
tion, it challenges the notion that MPTP produces a 
"hit-and-run" kind of damage and rather suggests that a 
single acute insult in the SNpc could set in motion a 
self-sustaining cascade of events with long-lasting dele- 
terious effects. Yet neither post-moitem studies in PD 
nor in MPTP-intoxicated individuals can provide infor- 
mation about the temporal relationship between the loss 
of dopaminergic neurons and the glial reaction in the 
SNpc. The situation is quite different in rodents. For 
instance, looking at mice injected with MPTP and killed 
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at different time points thereafter, it seems that the time 
course of reactive astrocyte formation parallels that of 
dopaminergic structure destruction in both the striatum 
and the SNpc, and that GFAP expression remains up- 
regulated even after the main wave of neuronal death has 
passed.*''''** These findings suggest that, in the MPTP 
mouse model,"' the astrocytic reaction is consecutive to 
the death of neurons and not the reverse. This is sup- 
ported by the demonstration that blockage of 1-methyl- 
4-phenylperydinium (MPP"*", the active metabolite of 
MFTPy^ uptake into dopaminergic neurons not only 
completely prevents SNpc dopaminergic neuronal death 
but also GFAP up-regulatiGn.*" Remarkably, activation 
of microglial cells, which is also quite strong in the 
MPTP mouse model,*"''''*'" occurs much earlier than 
that of astrocytes and more importantly reaches a max- 
imum before the peak of dopaminergic neurodegenera- 
tion.-** In light of the MPTP data presented above, it can 
be surmised that the response of both astrocytes and 
microglial cells in the SNpc clearly occurs within a 
timefirame allowing these glial cells to participate in the 
demise of dopaminergic neurons in the MPTP mouse 
model and possibly in PD. We examine through which 
beneficial or detrimental mechanisms the glial response 
in PD can possibly play out in the neurodegenerative 
process. 

Protective Effect of Glial Cdls in PD 
Glial response to injury may in fact have beneficial 

effects that, in the case of PD, could attenuate neurode- 
generation. Among the different mechanisms by which 
glial-derived neuroprotection could be mediated, the first 
that comes to mind involves the pxxluction of trophic 
factors. 

It is well recognized that many mature and, even more 
so, immature tissues and cell types, including glial cells, 
possess trophic properties that are essential for the sur- 
vival of dopaminergic neiuons. Relevant to this is the 
observaticMi fliat striatal oligodendrocyte-type 2 astro- 
cytes greatly iiiq)rove the survival and phenotype expres- 
sion of mesencephalic dopaminergic neurons in culmre, 
while simultaneously decreasing the apoptotic demise of 
these neurons.'^ Although the actual identity of this 
glial-related trophic factor remains to be established, 
several others have already been well characterized. 
Among these, glial-derived neurotrophic factor (GDNF), 
which can be released by activated microglia, seems to 
be the most potent factra- in supporting SNpc dopami- 
nergic neurons during their period of natural, develop- 
mental death in post-natal ventral midbrain cultures.'^ It 
is also worth emphasizing that GDNF induces dopami- 
nergic nerve fiber sprouting in the injured rodent stria- 

tum,*'' and that this effect is markedly decreased when 
GDNF expression is inhibited by intrastriatal infiision of 
antisense oligonucleotides.*' Furthermore, GDNF, deliv- 
ered either by infiision of the recombinant protein or by 
viral vectors, has been shown to markedly attenuate 
dopaminergic neuronal death and to significantly boost 
dopaminergic function within injured neurons in both 
MPTP-treated monkeys and mice.'*-** Unfortunately, in 
humans with PD, much less enthusiastic results have 
been obtained thus far, in that repetitive intraventricular 
injections of recombinant GDNF to one advanced par- 
kinsonian patient was poorly tolerated and failed to halt 
the progression of the disease.*' Brain-derived neurotro- 
phic factor (BDNF) is another trophic factor that can be 
released by activated microglia and which can support 
the survival and process outgrowth of dopaminergic 
structores in the striatum.*" The useftihess of BDNF as 
a potential neuroprotective factor has been well docu- 
mented in several experimental models of PD,*°-*^ but 
whether it can produce similar beneficial effects in hu- 
man PD remains to be demonstrated. 

Glial cells may also protect dopaminergic neurons 
against degeneration by scavenging toxic compounds 
released by the dying neurons. Dopamine can produce 
reactive oxygen species (ROS) through different 
routes.*^ Along this line, glial cells may protect remain- 
ing neurons against the resulting oxidative stress by 
metabolizing dopamine via monoamine oxidase-B and 
catechol-O-methyl transferase present in astrocytes, and 
by detoxifying ROS through the enzyme glutathione 
peroxidase, which is detected ahnost exclusively in glial 
cells.*" Glia, which can avidly take up extracellular glu- 
tamate, may mitigate the presumed harmful effects of the 
subthalamic excitotoxic input to the SN** that is hyper- 
active in PD.** Taken together, the data reviewed here 
support the contention that glial cells could have neuro- 
protective roles in PD. Whether any of those actually 
dampen the neurodegenerative process in parkinsonian 
patients remains to be demonstrated. 

Deleterious Rde of Glial Cells in PD 
As we will see, there are also many compelling find- 

ings that support the contention that glial cells could be 
harmful in PD. In this context, the spotlight seems to be 
more on activated microglial cells and less on reactive 
astrocytes. The importance of activated microglial cells 
in the neurodegenerative process is underscored by the 
following demonstrations in rats*'': 1) the stereotaxic 
injection of bacterial endotoxin lipopolysaccharide 
(LPS) into the SNpc causes a strong activation of micro- 
glia throughout the SN followed by a marked degenera- 
tion of dopaminergic neurons; and 2) the pharmacolog- 
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ical inhibition of microglial activation prevents LPS- 
induced SNpc neuronal death. Similarly, LPS-induced 
microglial activation leads to injury of dopaminergic cell 
line MES 23.5 and dopaminergic primary ventral mid- 
brain neurons in culture.** 

Activated microgUal cells can produce a variety of 
noxious compounds including ROS, reactive nitrogen 
species (RNS), pro-inflammatory prostagjandins, and cy- 
tokines. Among the array of reactive species, lately the 
lion's share of attention has been given to RNS due to the 
prevalent idea that nitric oxide (NO)-mediated nitrating 
stress could be pivotal in the pathogenesis of PD.*'-''^ So 
far, however, none of the characterized isoforms of NO 
synthase (NOS) have been identified within SNpc dopa- 
minergic neurons; hence, NO involved in the nitrating 
stress of PD most likely originates from other neurons or 
glial cells, as we hypothesized previously .** It is partic- 
ularly relevant to mention that numerous glial cells in the 
SNpc of both PD patients''" and MPTP-treated mice,"*-'" 
but not of controls, express high levels of inducible NOS 
(iNOS). Upon its induction, this NOS isoform produces 
high amounts of NO''^ as well as superoxide radicals^*— 
two reactive species that can either directly or indirectly 
promote neuronal death by inflicting oxidative damage. 

Prostaglandins and their synthesizing enzymes, such 
as cyclooxygenase type-2 (Cox-2), constitute a second 
group of potential culprits. Indeed, Cox-2 has emerged as 
an important determinant of cytotoxicity associated with 
inflammation.^'^* In the normal brain, Cox-2 is signifi- 
cantly expressed only in specific subsets of forebrain 
neurons that are primarily glutamatergic in nature,"" sug- 
gesting a role far Cox-2 in the postsynaptic signaling of 
excitatory neurons. Under pathological conditions, espe- 
cially those associated with a glial response, Cox-2 ex- 
pression in the brain can increase significantly, as does 
the level of its products (e.g., prostaglandin E2), which 
are responsible for many of the cytotoxic effects of 
inflammation. Interestingly, Cox-2 promoter shares 
many features with iNOS pmraoxsr'^ and thus, these two 
enzymes are often co-expressed in disease states associ- 
ated with gUosis. Therefore, it is not surprising to find 
Cox-2 and iNOS expressed in SNpc glial cells of post- 
mortem PD samples*"; PGE2 content is also elevated in 
the SNpc from PD patients.*' Of relevance to the poten- 
tial role of prostaglandin in the pathogenesis of PD, is the 
demonstration that the pharmacological inhibition of 
both Cox-2 and Cox-1 attenuates MPTP toxicity in 
mice.*2 

A third group of gUal-derived compounds that can 
inflict damage in PD is the pro-inflammatory cytokines. 
Several among these, including tumor necrosis factor-a 
(TNF-a) and interleukin-lp (IL-13), are increased in 

both SNpc tissues and cerebrospinal fluids of PD pa- 
tients*^*^ although some of the reported alterations may 
be related to the chronic use of the anti-PD therapy 
L-dopa.** Nevertheless, at autopsy, convincing immuno- 
staining for TNF-a, IL-ip, and interferon-7 (IFN-7) is 
observed in SNpc glial cells from PD patients.*' These 
cytokines may act in PD on at least two levels. First, 
although they are produced by glial cells, they can stim- 
ulate other ^al cells not yet activated, thereby amplify- 
ing and propagating the gUal response and consequently 
the glial-related injury to neurons. Relevant to this sce- 
nario are the followdng demonstrations*'': glial-derived 
TNF-a, IL-13, and IFN--y activate other microglial cells 
that start to ex{Mess the macrophage cell surface antigen 
FcGRll (CD23). Activation of CD-23 on these newly 
activated microglial cells induces iNOS expression and 
the subsequent production of NO that, in turn, can am- 
plify the production of cytokines within glial cells (e.g., 
TNF-a) and can diffuse to neighboring neurons. Second, 
gUal-derived cytokines may also act directly on dopami- 
nergic neurons by binding to specific cell surface cyto- 
kine receptors (e.g., TNF-a receptor). Once activated, 
these cytokine receptors trigger intracellular death-re- 
lated signaling pathways whose molecular correlates in- 
clude translocation of the transcription nuclear factor- 
K-B (NF-K-B) firom the cytoplasm to the nucleus and 
activation of the apoptotic machinery. In connection with 
this, PD patients exhibit a 70-fold increase in the pro- 
portion of dopaminergic neurons with NF-K-B immuno- 
reactivity in tiieir nuclei compared to control subjects.** 
In relation to apoptosis, Bax, a potent pro-apoptotic 
protein, is up-regulated after MPTP administration and 
its ablation prevents the loss of SNpc dopaminergic 
neurons in this experimental model*'; and caspase-3, a 
key agent of apoptosis, is activated in post-mortem PD 
samples.*** 

CONCLUSION 

We have tried to succinctly discuss the issue of glial 
response in PD and how this cellular component of PD 
neuropathology, which has been neglected far too long, 
plays out in the overall neurodegenerative pxx^ess (Fig. 
1). Although we have tried to provide the reader with a 
balanced view on the issue, it is our opinion that, given 
the available evidence to date, data supporting a detri- 
mental role of the glial response in PD outweigh those 
supporting a beneficial role. We also believe that, should 
the glial response in PD indeed be implicated in the 
neurodegenerative process, it is unlikely that any aspect 
of the gUal response initiates the death of SNpc dopami- 
nergic neurons, but quite possibly propagates the neuro- 
degenerative process. This view, if confirmed, could 
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FIG. 1. Potential involvement of glial cells in the pathogenesis of Parkinson's disease. Activated microglial cells may contribute to dopaminergic 
neurodegeneration by releasing cytotoxic compounds such as cytokines. Cytokines may exert a direct effect on dopaminergic neurons by activating 
tiansduction pathways that lead to apoptosis or, alternatively, by inducing the expression of COX-2 within dopaminergic neurons and iNOS within 
glial cells that, in turn, stimulate the fomiation of superoxide (Oj") and nitric oxide (NO), respectively. NO is membrane permeable and can diffuse 
to neighboring dopaminergic neurons. If the neighboring cell has elevated levels Oj'", there is an increased probability that O/ will react with NO 
to form peroxynitrite (ONOO~), which can damage lipids, proteins, and DNA. Damaged DNA stimulates Poly(ADP-ribose) synthase (PARS) activity, 
which depletes further ATP already compromised by the inhibition of the mitochondria] complex I by MPP"^. Other glial cells, such as astrocytes, 
may have a neuropiotective effect on dopaminergic neurons by producing neurotrophic factors, such as GDNF, or by metabolizing dopamine by 
monoamino oxidase-B (MAOB) or catechol-O-methyl transferase (COMT). then eliminating free radicals using glutathione peroxidase (GPx). 

have far-reaching therapeutic implications, as targeting a 
specific aspect of the ^al-related cascade of deleterious 
events may prove successful in slowing or even halting 
further neurodegeneration in PD.'' 
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"Neurodegeneration" is a commonly used word whose 
meaning is believed to be universally understood. Yet 
finding a precise definition for neurodegeneration is 
much more arduous than one might imagine. Often, 
neurodegeneration is only casually mentioned and 
scarcely discussed in major medical textbooks and is 
even incompletely defined in the most comprehensive 
dictionaries. Etymologically, the word is composed of 
the prefix "neuro-," which designates nerve cells (i.e., 
neurons), and "degeneration," which refers to, in the 
case of tissues or organs, a process of losing structure 
or function. Thus, in the strict sense of the word, neu- 
rodegeneration corresponds to any pathological con- 
dition primarily affecting neurons. In practice, neu- 
rodegenerative diseases represent a large group of 
neurological disorders with heterogeneous clinical and 
pathological expressions affecting specific subsets of 
neurons in specific functional anatomic systems; they 
arise for unknown reasons and progress in a relentless 
manner. Conversely, neoplasm, edema, hemorrhage, 
and trauma of the nervous system, which are not pri- 
mary neuronal diseases, are not considered to be neu- 
rodegenerative disorders. Diseases of the nervous sys- 
tem that implicate not neurons per se but rather their 
attributes, such as the myelin sheath as seen in multi- 
ple sclerosis, are not neurodegenerative disorders 
either, nor are pathologies in which neurons die as the 
result of a known cause such as hypoxia, poison, meta- 
bolic defects, or infections. 

Among the hundreds of different neurodegenera- 
tive disorders, so far the lion's share of attention has 
been given only to a handful, including Alzheimer 
disease (AD), Parkinson disease (PD), Huntington 
disease (HD), and amyotrophic lateral sclerosis (ALS). 
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Many of the less common or publicized neurodegen- 
erative disorders, though no less devastating, have 
remained essentially ignored. 

The most consistent risk factor for developing a neu- 
rodegenerative disorder, especially AD or PD, is increas- 
ing age (1). Over the past century, the growth rate of the 
population aged 65 and beyond in industrialized coun- 
tries has far exceeded that of the population as a whole. 
Thus, it can be anticipated that, over the next genera- 
tions, the proportion of elderly citizens will double, 
and, with this, possibly the proportion of persons suf- 
fering from some kind of neurodegenerative disorder. 
This prediction is at the center of growing concerns in 
the medical community and among lawmakers, for one 
can easily foresee the increasing magnitude of emo- 
tional, physical, and financial burdens on patients, 
caregivers, and society that are related to these dis- 
abling illnesses. Compounding the problem is the fact 
that while, to date, several approved drugs do, to some 
extent, alleviate symptoms of several neurodegenerative 
diseases, their chronic use is often associated with 
debilitating side effects, and none seems to stop the 
progression of the degenerative process. In keeping 
with this, the development of effective preventive or 
protective therapies has been impeded by the limita- 
tions of our knowledge of the causes and the mecha- 
nisms by which neurons die in neurodegenerative 
diseases. Despite this bleak outlook, several neuro- 
biological breakthroughs have brought closer than ever 
the day when the secrets of several neurodegenerative 
disorders will be unlocked and effective therapeutic 
strategies will become available. In this Perspective 
series, selected genetic and molecular advances relevant 
to the biology of neurodegeneration — e.g., to apopto- 
sis, oxidative stress, and mitochondrial dysfunction — 
will be reviewed. AXTiile some of these will be discussed 
in terms of generic mechanisms underlying neuronal 
death, others will be discussed in the context of a spe- 
cific disease such as ALS or HD. From the various Per- 
spectives in this series, readers may obtain a compre- 
hensive update on prominent neurodegenerative 
conditions from both a clinical and a molecular view- 
point. As a preamble to the series, however, it would be 
useful to discuss some general notions related to neu- 
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rodegeneration that should help set the stage for the 
more detailed articles to follow. 

Classification of neurodegenerative diseases 
The number of neurodegenerative diseases is currently 
estimated to be a few hundred, and, among these, many 
appear to overlap with one another clinically and 
pathologically, rendering their practical classification 
quite challenging. The issue is further complicated by 
the fact that, in diseases such as multisystem atrophy 
in which several areas of the brain are affected, differ- 
ent combinations of lesions can give rise to different 
clinical pictures (2). Furthermore, the same neurode- 
generative process, especially at the beginning, can 
affect different areas of the brain, making a given dis- 
ease appear very different from a symptomatic stand- 
point. Despite these difficulties, the most popular cat- 
egorization of neurodegenerative disorders is still based 
on the predominant clinical feature or the topography 
of the predominant lesion, or often on a combination 
of both. Accordingly, neurodegenerative disorders of 
the CNS may, for example, be first grouped into dis- 
eases of the cerebral cortex, the basal ganglia, the brain- 
stem and cerebellum, or the spinal cord. Then, within 
each group, a given disease may be further classified 
based on its main clinical features. For instance, the 
group of diseases that predominantly affect the cere- 
bral cortex may be divided into dementing (e.g., AD) 
and nondementing conditions. Of note, while AD is by 
far the most frequently cited cause of dementing cere- 
bral cortex pathology (3), dementia can apparently be 
observed in at least 50 different diseases (4). Moreover, 
dementia is not exclusively observed in neurodegener- 
ative disorders; it is also frequently observed in 
ischemic, metabolic, toxic, infectious, and traumatic 
insults of the brain. 

Diseases that predominantly involve the basal ganglia 
(a series of deep nuclei situated at the base of the fore- 
brain, including the caudate nucleus putamen, globus 
pallidus, substantia nigra, subthalamic nucleus, red 
nucleus, and some thalamic and brainstem nuclei) are 
essentially characterized by abnormal movements. Yet, 
based on the phenomenology of the abnormal move- 
ments, diseases of the basal ganglia can be classified as 
hypokinetic or hyperkinetic. Hypokinetic basal ganglia 
disorders are epitomized by PD, in which the ampli- 
tude and velocity of voluntary movements are dimin- 
ished or, in extreme cases, even nonexistent, causing the 
patient to become a prisoner within his or her own 
body. Aside from PD, parkinsonism — which refers to 
an association of at least two of the following clinical 
signs: resting tremor, slowness of movements, stiffness, 
and postural instability — is found in a variety of other 
diseases of the basal ganglia as well. In some (e.g., stri- 
atonigral degeneration), there is only parkinsonism, 
but in others, often called parkinson-plus syndromes, 
there is parkinsonism plus signs of cerebellar ataxia 
(e.g., olivopontocerebellar atrophy), orthostatic hypo- 
tension (e.g., Shy-Drager syndrome), or paralysis of ver- 
tical eye movements (e.g., progressive supranuclear 
palsy). Because, early on, parkinsonism may be the only 

clinical expression of parkinson-plus syndromes, it is 
difficult to reach an accurate diagnosis before the 
patient reaches a more advanced stage of the disease. 
This problem is well illustrated by the fact that more 
than 77% of patients with parkinsonism are diagnosed 
in life as having PD (5), but as much as a quarter of 
these are found at autopsy to have lesions incompati- 
ble with PD (6). At the other end of the spectrum are 
the hyperkinetic basal ganglia disorders, which are epit- 
omized by HD and essential tremor. In these two con- 
ditions, excessive abnormal movements such as chorea 
or tremor are superimposed onto and interfere with 
normal voluntary movements. Although hyperkinetic 
basal ganglia disorders are probably as diverse as are 
hypokinetic basal ganglia disorders, their accurate clas- 
sification, even during life, is less problematic, in part 
because specific disease markers such as gene muta- 
tions exist for several of these syndromes. 

Classification of neurodegenerative diseases of the 
cerebellum and its connections is particularly chal- 
lenging because of the striking overlap among the var- 
ious pathological conditions. Indeed, some diseases of 
the cerebellum can readily be grouped into three main 
neuropathological types: cerebellar cortical atrophy 
(lesion confined to the Purkinje cells and the inferior 
olives), pontocerebellar atrophy (lesion affecting sever- 
al cerebellar and brain structures), and Friedreich atax- 
ia (lesion affecting the posterior column of the spinal 
cord, peripheral nerves, and the heart). However, sever- 
al other diseases of the cerebellum and its connections 
cannot be situated in one of these categories such as 
dentatorubral degeneration, in which the most con- 
spicuous lesions are in the dentate and red nuclei, and 
Machado-Joseph disease, in which degeneration 
involves the lower and upper motor neurons, the sub- 
stantia nigra, and the dentate system. 

Among the neurodegenerative diseases that predom- 
inantly affect the spinal cord are ALS and spinal mus- 
cular atrophy, in which the most severe lesions are 
found in the anterior part of the spinal cord, and the 
already cited Friedreich ataxia, in which the most severe 
lesions are found in the posterior part of the spinal 
cord. Finally, there is one group of neurological dis- 
eases that are often, but not always, considered neu- 
rodegenerative because of their chronic course and 
unknown etiopathogenesis but that, unlike those 
described above, show no apparent structural abnor- 
malities. These include torsion dystonia, Tourette syn- 
drome, essential tremor, and schizophrenia. Various 
brain-imaging studies and electrophysiological inves- 
tigations have revealed significant functional abnor- 
malities in all of these singular neurodegenerative dis- 
orders but have not yet enabled us to unravel their 
chemical neuroanatomical substrates. 

Over the past two decades, significant advances in 
neurohistological techniques such as immunohisto- 
chemistry have replaced or supplemented many of the 
classical histological approaches. Unquestionably, 
these new techniques have improved the sensitivity and 
specificity of neuropathological diagnostic criteria and 
consequently the accuracy of classification of neu- 
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rodegenerative disorders. However, despite the fact that 
these new methods can now determine the presence of 
particular inclusions or deposits or the degree of glio- 
sis in specific brain areas, none of the already refined 
classifications of neurodegenerative diseases is entire- 
ly satisfactory. On the other hand, the incorporation of 
state-of-the-art basic science techniques such as gene 
array, PCR, Western blot, and laser-guided microdis- 
section into our arsenal of neuropathological diagnos- 
tic tools should provide, in the near future, new clues 
as to how to effectively classify neurodegenerative dis- 
eases. Based on the use of some of these novel tech- 
nologies, a new school of thought favors classification 
according not to the diseases' neuropathological hall- 
marks, but rather to their molecular characteristics. In 
this novel approach, neuropathological entities that 
used to belong to very distinct categories are lumped 
together because of a common molecular defect. For 
example, HD, spinal cerebellar atrophy and myotonic 
dystrophy fall into the category of the trinucleotide- 
repeat diseases (7); Creutzfeldt-Jakob disease, Gerst- 
mann-Straussler-Scheinker syndrome, and fetal famil- 
ial insomnia fall into the category of the prion diseases 
(8); PD, progressive supranuclear palsy, and diffuse 
Lewy body dementia fall into the category of the synu- 
cleinopathies (9); and corticobasal degeneration, 
frontotemporal dementia with parkinsonism linked to 
chromosome 17 (FTDP-17), and Pick disease fall into 
the category of the tauopathies (10). Although the jury 
is still out on whether this new classification will alle- 
viate the problems previously encountered, we believe 
that it promises to be less ambiguous and more clini- 
cally and therapeutically practical. 

What causes neurodegeneration? 
With few exceptions, the causes of neurodegenerative 
diseases are essentially unknown, and even when they 
have been identified, the mechanisms by which they 
initiate the disease remain, at best, speculative. For 
example, while the etiology of HD was identified more 
than two decades ago, we still do not know with cer- 
tainty how mutant huntingtin provokes the disease. 

One of the most ferocious debates surrounding the 
etiology of neurodegenerative disorders concerns the 
relative roles of genetic and environmental factors in 
the initiation of these diseases. Some neurodegenera- 
tive disorders have a clear familial occurrence, suggest- 
ing a genetic basis. Among these affected families, the 
disease runs as an autosomal dominant trait, as in HD 
and dentatorubral pallidoluysian atrophy. Less fre- 
quently, the disease runs as an autosomal recessive trait 
(e.g., familial spastic paraparesis), an X-linked trait (e.g., 
spinal and bulbar muscular atrophy), or even a mater- 
nally inherited trait (e.g., mitochondrial Leber optic 
neuropathy). In addition to these "pure" genetic neu- 
rodegenerative diseases, others are essentially sporadic 
but show a small contingent of patients in whom the 
illness is inherited. This is true for PD, AD, and even 
ALS, of which about 10% of all cases are unequivocally 
familial. Although rare, these familial cases represent 
powerful resources to elucidate the molecular bases 

and, more importantly, the neurodegeneration mech- 
anisms of their respective sporadic variants. 

For those in whom the disease is truly sporadic, which 
is the vast majority of patients, it appears that any genet- 
ic contribution to the neurodegenerative process is min- 
imal (11). Instead, toxic environmental factors may be 
the prime suspects in initiating neurodegenerative 
processes. Supporting this view is the observation that 
some neurodegenerative conditions arise in geographic 
or temporal clusters. This is the case for the PD-ALS 
complex, which is, presumably, due to a toxic compound 
contained in Cycas circinalis, an indigenous plant com- 
monly ingested as a food or medicine by the Chamorros 
of Guam (12). Intoxication with l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine, a by-product of the synthesis 
of a meperidine compound, is also known to produce a 
severe and irreversible parkinsonian syndrome, which is 
almost identical to PD (13). While many other examples 
of toxic exposure-related neurological conditions exist, 
all occur within a specific geographic, social, or profes- 
sional context, which is missing from the medical histo- 
ry of most patients suffering from a neurodegenerative 
disorder. Moreover, several large-scale epidemiological 
studies have failed to show any definitive association 
between environmental factors and occurrence of dis- 
eases such as PD (14). Collectively, these findings argue 
that sporadic cases are neither clearly genetic nor clearly 
environmental, but that, possibly, they result from a 
combination of genetic and environmental causes. In 
this vein, the demonstration of a nonsyndromic familial 
deafness linked to a mitochondrial point mutation (15) 
provides a compelling argument. In this study, family 
members who harbored the mutation developed a hear- 
ing impairment only if exposed to the antibiotic amino- 
glycoside, illustrating the significant pathogenic inter- 
actions between genetics and the environment. The 
possibility that such dual mechanisms represent a valu- 
able pathogenic scenario underlying sporadic neurode- 
generation warrants serious consideration. 

Cell demise in neurodegeneration 
As mentioned above, only in a very small group of so- 
called neurodegenerative conditions are no apparent 
neuropathological changes found. In all others, overt 
neuropathology, mainly in the form of a focal loss of 
neurons with reactive gliosis, is seen. Residual neurons 
may exhibit varying morphologies ranging from an 
almost normal appearance to a severe distortion with a 
combination of abnormal features such as process 
attrition, shape and size alterations of the cell body and 
nucleus, organelle fragmentation, dispersion of Nissl 
bodies, cytoplasmic vacuolization, and chromatin con- 
densation. In several neurodegenerative disorders, 
spared neurons can also present with various types of 
intracellular proteinaceous inclusions, which, in the 
absence of any definite known pathogenic role, are 
quite useful in differentiating neurodegenerative dis- 
orders. This is particularly clear in the case of the vari- 
ants of PD, which can be stratified based on the pres- 
ence or the absence of the intraneuronal inclusions 
called Lewy bodies (16). 
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The diversity of cell death morphology in neurode- 
generation is often neglected, and many authors still 
consider only two types, apoptosis and necrosis. The 
former is universally recognized to be active in the sense 
of being mediated by intracellular signaling pathways, 
and the latter is traditionally considered passive. There 
is increasing evidence that this dichotomy is too rigid, 
especially for neurons, and readers interested in this 
debate are encouraged to consult the comprehensive 
review written by Peter Clarke (17). In brief, there is 
mounting evidence that the mode of cell death in the 
nervous system, as it can be defined by morphological 
features, is much more diverse than initially thought 
(18, 19). At least four main types of distinct neuronal 
death have been defined: apoptotic, necrotic, autophag- 
ic, and cytoplasmic; the detailed morphological descrip- 
tion of each of these goes beyond the scope of this arti- 
cle but can be found in ref 18. The main reason why 
attention to these different forms of cell death may be 
clinically important is that several of the distinct forms 
of cell demise are controlled by distinct molecular 
mechanisms (20-23). Another widespread misconcep- 
tion relating to the mode of cell death is the belief that 
only necrosis elicits inflammation. While the inflam- 
matory reaction is indeed generally stronger in regions 
of necrosis than, for example, in regions of apoptosis, 
this may simply reflect the greater number of cells dying 
in necrotic regions. Moreover, those who claim that 
non-necrotic forms of cell death such as apoptosis do 
not elicit inflammation are referring to "exudative" 
inflammation (24), whose hallmarks include the infil- 
tration of the diseased tissue by blood-borne cells 
including neutrophils and monocytes. Yet, in the CNS 
and especially in neurodegeneration, even for necrosis 
the inflammatory response is largely local, meaning 
that it is mainly made of resident microglia and astro- 
cytes as seen in apoptosis. It is thus fair to conclude that 
while the intensity of the glial reaction may vary among 
the forms of cell death detailed in ref 17, the occurrence 
of gliosis is not a hallmark of necrosis only. 

With the few exceptions indicated above, neurode- 
generative disorders have in common that they affect 
specific subpopulations of neurons at the level of spe- 
cific structures of the nervous system. 

In some neurodegenerative diseases, such as olivo- 
pontocerebellar atrophy, multiple brain structures 
within the nervous system are affected, usually at sep- 
arate sites, while nearby and often intermingled neu- 
ronal subtypes are spared. In these so-called system 
neurodegenerative diseases, the spatial pattern of the 
lesions often becomes better defined as the disease pro- 
gresses. It is clear that the distribution of blood vessels 
is not essentially responsible for determining the spa- 
tial pattern of the lesions. On the other hand, in many 
system neurodegenerative diseases, as is emphasized in 
ref 25, the different lesions appear to be functionally 
and anatomically interconnected. Such a "linked" 
degeneration is observed in ALS, in which both the cor- 
ticospinal track and the spinal cord lower motor neu- 
rons are affected, and in progressive supranuclear palsy, 
in which both the globus pallidus and the subthalam- 

ic nucleus are lesioned. Although such transneuronal 
degeneration is a well-recognized phenomenon (26), 
very little is known about its molecular basis except 
that this trans-synaptic demise seems to occur by pro- 
grammed cell death (27, 28). As is emphasized by 
Oppenheimer and Esiri (25), transneuronal degenera- 
tion does not accourit for all of the combinations of 
lesions that are found in system neurodegenerative dis- 
eases. For example, the authors point out that in 
Friedreich ataxia there is degeneration of the spino 
cerebellar tracts and the dentate nuclei, but not of the 
Purkinje cells, which, supposedly, constitute the link 
between these two lesions. 

Not in all neurodegenerative disorders are large num- 
bers of nervous system structures at risk. Indeed, in sev- 
eral neurodegenerative diseases the lesions appear to be 
restricted to one or a few brain regions, especially at the 
beginning of the disease. This is particularly well illus- 
trated in spinal muscular atrophy, in which the degen- 
erative process is limited to a loss of lower motor neu- 
rons; and in ALS, in which damage to the upper and 
lower motor neurons may represent the sole neu- 
ropathological change at the beginning of the disease, 
and other areas, including the substantia nigra, may 
become affected later (29). Still, the initial site of neu- 
ropathology remains the most severely affected 
throughout the disease, forming a sort of neurodegen- 
erative gradient. In diseases like striatonigral degener- 
ation, the neurodegenerative process is quite symmet- 
rical from the onset, while in others like PD, one side of 
the brain is usually more severely affected than the 
other. This is clearly noticeable clinically and is demon- 
strable by brain-imaging techniques (30). 

The locations of the principal lesions have been well 
established in most if not all known neurodegenerative 
disorders, but it remains difficult to determine the 
extent of degeneration that affects more than one 
group of neurons and, consequently, to define the exact 
neuropathological topography of certain diseases. This 
problem stems from at least three issues. First, lesions 
are often missed through incomplete examination of 
the brain and spinal cord. Second, quantitative mor- 
phology in postmortem samples seldom uses the rig- 
orous counting methods necessary to generate reliable 
neuron numbers (31). Third, sick neurons, which will 
not necessarily die, often lose the phenotypic markers 
used to identify and count them (32). For these reasons, 
reported estimations regarding the distribution and 
the magnitude of neuronal loss in neurodegenerative 
disorders may, with perhaps a few exceptions, have to 
be taken with a grain of salt. 

Onset and progressive course of the disease 
Most patients suffering from a neurodegenerative dis- 
order know approximately when their symptoms 
began. Because, almost invariably, there is significant 
cellular redundancy in neuronal pathways, the onset of 
symptoms does not equate with the onset of the dis- 
ease. Instead, the beginning of symptoms corresponds 
to a neurodegenerative stage at which the number of 
residual neurons in a given pathway falls below the 
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number required to maintain normal functioning of 
the affected pathway. This means that the onset of the 
disease occurs at some earlier time, which, depending 
on how fast the neurodegenerative process evolves, can 
range from a few months to several years. In most 
instances, the lack of presymptomatic markers and of 
knowledge about the true kinetics of cell demise pre- 
cludes our ability to determine disease onset. 

It is also interesting to consider why a sudden wors- 
ening of a patient's condition is sometimes observed. 
Although we cannot exclude that the neurodegenera- 
tive process may suddenly accelerate, especially under 
the influence of intercurrent deleterious factors such 
as infection, it is more likely that the rate of neuronal 
death remains about the same throughout the natural 
course of the disease. Yet the relationship between the 
clinical expression of a disease and the number of resid- 
ual neurons does not have to be linear or even constant. 
So a patient may remain clinically unchanged during a 
prolonged period of time, despite a loss of many cells, 
and then abruptly deteriorate as the number of neu- 
rons drops below a functional threshold. 

All neurodegenerative disorders progress slowly over 
time, often taking several years to reach the end stage. 
Does this observation indicate that sick neurons suc- 
cumb to the disease only after a protracted agony? It 
must be remembered that neuronal degeneration cor- 
responds to an asynchronous death, in that cells within 
a population die at very different times. As a corollary at 
any given time, only a small number of cells are actual- 
ly dying; among these, many, if not all, are at various 
stages along the cell death pathway. However, standard 
clinical, radiological, and biochemical measurements, 
which are so critical to assessing the disease, generate 
information on the entire population of cells. There- 
fore, the rate of change in any of the usual clinical 
parameters essentially reflects the decay of the entire 
population of affected cells and provides very little 
insight into the pace at which the death of an individ- 
ual cell occurs. Still, if one looks at the large body of in 
vitro data, it appears that, once a cell gets sick, the entire 
process of death proceeds rapidly. Given these facts, the 
protracted clinical progression may reflect a small num- 
ber of neurons dying rapidly at any given point in time. 

Fatality in neurodegenerative disorders 
Neurodegeneration is thought to shorten the life 
expectancy of affected patients. If this concept is unfor- 
tunately true in many instances, it should be empha- 
sized that not all "mortal" neurodegenerative disorders 
are fatal per se. Only those in which the affected neu- 
rological structures impair ability to control or execute 
such vital functions as respiration, heart rate, or blood 
pressure are unquestionably deadly. These include ALS, 
in which the loss of lower motor neurons innervating 
respiratory muscles leads the patient to succumb to res- 
piratory failure. Alternatively, in diseases like Friedre- 
ich ataxia, the association of neurodegeneration with 
heart disease (33) can also cause the death of the 
patient, although, in this case, death is due not to any 
neuronal loss but instead to serious cardiac problems 

such as congestive heart failure. In most other neu- 
rodegenerative disorders, death is attributed neither to 
the disease of the nervous system nor to associated 
extra-nervous system degeneration but rather to the 
resulting motor and cognitive impairments that 
increase the risk of fatal accidental falling, aspiration 
pneumonia, pressure skin ulcers, malnutrition, and 
dehydration. Also, to our knowledge, there is no evi- 
dence that neurodegeneration increases the odds of 
developing comorbidity, such as with cancer, stroke, or 
heart attack, which remain the leading causes of death 
in industrialized countries. In conclusion, while a few 
specific neurodegenerative disorders directly cause 
death, most instead facilitate the occurrence of sec- 
ondary health problems that carry a high mortality 
rate. Although this distinction may seem a matter of 
semantics, we believe that it is significant, not only for 
the management of patients, but also for our under- 
standing of the actual consequences of the neurode- 
generative process. 

Neurodegeneration and aging 
Many elderly individuals exhibit mild motor and cog- 
nitive alterations reminiscent of those found in neu- 
rodegeneration. This observation gave birth to the pop- 
ular idea that aging might be a "benign" form of 
neurodegeneration. This idea was supported by the 
notion, widely accepted until recently, that normal 
aging, like neurodegeneration, is inevitably associated 
with neuronal death. From as early as the 1950s, 
decreased numbers of neurons in different regions of 
the brain were reported in aged humans with no overt 
neurological or psychiatric conditions (34). Subsequent 
studies have estimated these losses to be as high as 
100,000 neurons per day, which could easily explain the 
cognitive decline and decrease in brain weight tradi- 
tionally associated with normal aging (34). However, 
with the development of more accurate procedures for 
counting neurons, this view has been modified over the 
last several years, particularly as stereological proce- 
dures for estimating neuron numbers have been 
applied to aging research (35). As reviewed by Morrison 
and Hof, the application of stereological techniques 
has shown in several species, including humans, that 
the age-related decline in neuron number via neuronal 
death is not significantly involved in normal aging, at 
least with respect to the neocortex and to the hip- 
pocampal subregions most implicated in memory, 
such as entorhinal cortex and CAl (35). These results, 
therefore, challenge the notion that neurodegeneration 
invariably occurs in normal aging. 

If significant neuronal loss is lacking, some other 
pathological features of neurodegeneration, such as the 
presence of Lewy bodies, so typical of PD, and neu- 
rofibrillary tangles (NFTs) and senile plaques, so typi- 
cal of AD, can be detected in brains of asymptomatic 
aged individuals (36, 37). The critical question thus 
becomes: Do these changes occur "normally" during 
aging or reflect a "presymptomatic" stage of these dis- 
eases? Because it is impossible to perform longitudinal 
neuropathological studies, it is impossible to deter- 
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mine whether these individuals would have developed 
full disease expression if they had lived longer. In fact, 
hitherto, there been no definitive evidence supporting 
such a progression (35). Instead, neuropathological 
and functional brain-imaging studies have revealed 
striking quantitative and qualitative differences 
between aged nondemented and demented individuals 
(35, 38), suggesting that aging and neurodegeneration 
may represent very distinct entities. For instance, in the 
nondemented elderly, no NFTs are observed in the 
frontal and temporal cortices and only a few NFTs are 
found in the entorhinal cortex and the hippocampal 
CAl subregion, even in the absence of any neuronal 
loss (35). Conversely, in the demented elderly, even with 
the mildest cognitive impairments, some NFTs are 
observed in the frontal and temporal cortices and high 
densities of NFTs are found in the entorhinal cortex 
and the hippocampal CAl subregion together with sig- 
nificant neuronal loss (35). 

Therefore, the definition of normal aging is critical to 
any conclusion about the effect of the passage of time 
on the brain. Despite intense clinical-neuropathologi- 
cal correlative investigations, to date, experts remain 
unsure about whether the fact that a change is com- 
monplace makes it normal and, conversely, whether 
changes, however slight, that are known to be associat- 
ed with definite diseases of the nervous system are nec- 
essarily pathological. It is still difficult to know exactly 
to what extent neurons are damaged or lost in aged 
humans as a result exclusively of the passage of time. It 
seems clear, however, that the impact of the passage of 
time on the number of neurons is much less important 
than was previously believed, and that compelling evi- 
dence is lacking to support the idea that aging is a form 
of neurodegeneration at minima. 

Conclusion 
Current classifications of neurodegenerative diseases 
are based on a clinicopathological approach, i.e., 
defined by a presentation of symptoms and signs linked 
to neuropathological findings. Without undermining 
the usefulness of the clinicopathological approach for 
diagnosis and treatment in current neurological prac- 
tice, this approach to classification should be reassessed. 
As indicated earlier in this review, it would probably be 
more meaningful to classify neurodegenerative diseases 
by their molecular characteristics, redefining the dis- 
eases as the consequence of biochemical processes, some 
of which may operate in more than one disease. By 
doing so, we may reveal pathogenic mechanisms that 
are common to some of these diseases, and open new 
therapeutic avenues that may be effective in several 
unrelated neurodegenerative diseases. 

In this introductory review, we have tried to provide an 
overview of the complexity of the field of neurodegener- 
ation, as well as to lay the groundwork for the upcoming 
set of articles that will complete this Perspective series. 

As we have mentioned, HD has received at great deal 
of attention in the field of neuroscience, as it is a pro- 
totypic model of a genetic neurodegenerative disease. 
While it is well established that a triplet-repeat CAG 

expansion mutation in the huntingtin gene on chro- 
mosome 4 is responsible for HD, Anne B. Young (39) 
will bring us on the chaotic trail of research that aims 
to define the normal functioning of this newly iden- 
tified protein, as well as to elucidate the intimate 
mechanism by which the mutant huntingtin kills 
neurons. Although much remains to be done, this 
article provides us with an update on the most salient 
advances made in the past decade in the field of HD, 
suggests pathological scenarios as to how mutant 
huntingtin may lead to HD, and, most importantly, 
discusses the many steps in the process of functional 
decline and cell death that might be targeted by new 
neuroprotective therapies (39). 

While HD is by nature a genetic condition, PD is only 
in rare instances an inherited disease. Despite this 
scarcity, many experts in the field of neurodegeneration 
share the belief that these rare genetic forms of PD rep- 
resent unique tools to unravel the molecular mecha- 
nisms of neurodegeneration in the sporadic form of PD, 
which accounts for more than 90% of all cases. Accord- 
ingly, Ted Dawson and Valina Dawson review, in their 
Perspective, the different genetic forms of PD identified 
to date (40). They then summarize the current knowl- 
edge on the normal biology of two proteins, a-synucle- 
in and parkin, whose mutations have been linked to 
familial PD (40). The authors also discuss how these dif- 
ferent proteins may interact with each other and how, 
in response to the known PD-causing mutations, they 
may trigger the neurodegenerative processes (40). 

The recognition that many neurodegenerative dis- 
eases are associated with some sort of intra- or extra- 
cellular proteinaceous aggregates has sparked major 
interest in the idea that these amorphous deposits may 
play a pathogenic role in the demise of specific subsets 
of neurons in various brain diseases. Along this line, 
what could be a better example of "proteinopathic" 
neurodegenerative disease than AD, which features 
NFTs and senile plaques? In this context, Todd Golde 
(41) reviews the presumed role of amyloid (3 protein 
(AP) in the initiation of AD and outlines the molecular 
scenario by which AP may activate the deleterious cas- 
cade of events ultimately responsible for dementia and 
cell death in AD. In light of this information the author 
discusses the different therapeutic approaches that 
maybe envisioned for AD (41). He also summarizes the 
state of our knowledge about risk factors and bio- 
markers for AD that can be used to detect individuals 
at risk for developing the disease, and to follow its pro- 
gression once it has developed (41). 

Interestingly, in another dreadful neurodegenerative 
disease, ALS, of which about 2% of the cases are related 
to a mutation affecting the enzyme superoxide dismu- 
tase-1 (SODl), the presence of abnormal protein aggre- 
gates has also been hypothesized to participate in the 
neurodegenerative process. Nevertheless, the evidence 
supporting such a role in ALS is much more tenuous 
than in AD, and many appealing alternative pathogen- 
ic hypotheses have been put forward to explain the 
mechanism by which spinal cord motor neurons die in 
ALS, especially in response to mutant SODl. For 
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instance, Guegan and Przedborski, in their article (42), 
approach the pathogenesis of ALS in general and of 
familial ALS linked to SODl mutations in particular, 
through the lends of programmed cell death (PCD) 
(42). In this article, we review the large core of data that 
pertain to the question of PCD in ALS, covering mor- 
phological and molecular findings that support the 
contribution of this molecularly regulated form of cell 
death to ALS neurodegeneration (42). We also discuss 
how particular molecular components of the PCD 
machinery can be targeted in ALS to develop new neu- 
roprotective strategies for the treatment of this invari- 
ably fatal disease (42). 

Moving away from disease-specific pathological 
mechanisms, Eric Schon and Giovanni Manfredi (43) 
address the topic of mitochondrial defects as a poten- 
tial generic deleterious mechanism in neurodegenera- 
tion. In this article, the authors remind us that while 
there are well-defined mitochondrial diseases, which 
express themselves most often as myopathies or 
encephalopathy or both, mitochondrial defects have 
been implicated in a dazzling number of neurodegen- 
erative diseases as well (43). To help the reader to better 
apprehend the difficulty in readily recognizing the sig- 
nature of a mitochondrial component in neurodegen- 
erative diseases, Schon and Manfredi review key molec- 
ular principles that govern mitochondrial biology (43). 
Based on this information, they then discuss in depth 
the fundamental issues of how the proposed mito- 
chondrial alterations in neurodegenerative diseases 
may arise and whether these defects are the cause or the 
consequence of the neurodegenerative processes (43). 

To continue with generic cytotoxic mechanisms, 
Harry Ischiropoulos and Joseph S. Beckman review, in 
their Perspective (44), the many lines of evidence sup- 
porting a role of oxidative and nitrative processes in 
the pathogenesis of numerous neurodegenerative dis- 
eases. These authors review the various cellular path- 
ways that may be at the origin of the oxidative stress 
in neurodegeneration (44). They remind us that the 
most recent data have also identified nitric oxide- 
derived reactive nitrogen intermediates as critical con- 
tributors of protein modification and cell injury, and 
that consideration should be also given to inappro- 
priate regulation of iron and other divalent redox 
metals, such as copper, as well as to redox-inactive 
zinc (44). Ischiropoulos and Beckman conclude by 
taking the stance that oxidative processes are critical 
in the pathogenic mechanisms of neurodegenerative 
diseases, and that promising therapeutic interven- 
tions geared toward mitigating oxidative processes 
may represent valuable therapeutic avenues for both 
acute and chronic neurodegeneration (44). 

As this brief summary shows, each article in this 
Perspective series will discuss in depth a selected 
aspect of neurodegeneration. While each will focus 
on a very different topic, all will share a common 
theme: the neurobiology of neurodegeneration, and 
translational research that, in our opinion, repre- 
sents the most effective way to bring basic science 
discoveries to clinical trials. 
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Parkinson's disease (PD) is a common neu- 
rodegenerative disorder whose cardinal fea- 
tures include tremor, slowness of movement, 
rigidity, and postural instability (1). Epidemi- 
ological data indicate that currently about one 
million individuals are affected with PD in 
North America alone and that about 50,000 
new cases arise every year (1). Pathologically, 
PD is characterized primarily by a dramatic 
degeneration of the nigrostriatal pathway (2). 
The latter is formed by dopamine-producing 
neurons whose cell bodies, located in the sub- 
stantia nigra pars compacta (SNpc), project 
their axons all the way up to the basal ganglia, 
where they release dopamine, thereby ensur- 
ing dopaminergic neurotransmission. As part 
of the neurodegeneration of the nigrostriatal 
pathway, both cell bodies and to an even 
greater extent striatal nerve terminals degen- 
erate (2). Aside from these prominent fea- 
tures, other aspects of the pathology of PD 
include the presence of intraneuronal protein- 
aceous inclusions called Lewy bodies (3). De- 

' spite the large body of knowledge about PD, 
why and how nigrostriatal dopaminergic neu- 
rons die in this disease remains an enigma. 

Over the years, several pathogenic hypothe- 
ses have been proposed in attempts to explain 
the mechanisms of neuronal loss in PD. 
Among these, the lion's share has been given 
to the oxidative stress hypothesis (4), which 
proposes that the fine-tuned balance between 
the production and destruction of reactive 

oxygen species is skewed, resulting in oxida- 
tive damage that leads to severe cellular dys- 
function and ultimately to cell death. Count- 
less studies have been published in support of 
this presumed pathogenic scenario (4). 
Among the plethora of reactive species capa- 
ble of mediating oxidative damage in PD, 
mounting evidence points to peroxynitrite as a 
main culprit (5). Peroxynitrite is a highly re- 
active, tissue-damaging species that results 
from the combination of two other reactive 
species, namely, superoxide and nitric oxide 
(NO) (Fig. 8.1 A). Because of the remarkable 
reactivity of peroxynitrite, there is very little 
doubt that it can inflict a variety of oxidative 
damage such as oxidative modifications of 
proteins, DNA, and lipids on dopaminergic 
neurons in the brains of parkinsonian patients. 

In this chapter, we summarize the current 
highlights regarding the potential deleterious 
role of peroxynitrite in the pathogenesis of PD 
through the use of the l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) mouse 
model, and we review the following points. 
First, what evidence is there that peroxjmitrite 
is produced in the MPTP mouse model of 
PD? Second, are both superoxide and NO re- 
ally required in the proposed deleterious sce- 
nario? Third, what is the source of the NO that 
is involved in the presumed deleterious reac- 
tion? And, fourth, does peroxynitrite cause 
detectable damage after the administration of 
MPTP? 
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FIGURE 8.1. Superoxide radical (O2) reacts with nitric oxide (NO) to produce peroxynitrite (O2NO-). 
in normal situations (A), superoxide dismutase detoxifies most of the produced superoxide radicals. 
On the other hand, NO, which is produced by the oxidation of L-arginine into L-citruiline, is present in 
high amounts. Because of this, little peroxynitrite is formed, and thus, minimal toxicity is attributable to 
this reaction. After methylphenyltetrahydropyridine (MPTP) administration (B), the level of O2 in- 
creases dramatically and, thus, more peroxynitrite is produced and significant cytotoxicity now occurs. 

MPTP MOUSE MODEL OF 
PARKINSON'S DISEASE 

As a preamble of our discussion, it is worth 
providing a brief review of the MPTP model 
(6). That MPTP causes a parkinsonian syn- 
drome was discovered in 1982 when a group of 
drug addicts in California were rushed to the 
emergency room with a severe bradykinetic 
and rigid sjmdrome (7). Subsequently, it was 
discovered that this syndrome was induced by 
the self-administration of street batches of a 
synthetic meperidine analog, whose synthesis 
was heavily contaminated by a byproduct, 
MPTP (8). In the period of a few days after the 
administration of MPTP, these patients exhib- 
ited a severe and irreversible akinetic rigid 
syndrome akin to PD, and levodopa was tried 
with great success, relieving the symptoms of 

these patients. Since the discovery that MPTP 
causes parkinsonism in human and nonhuman 
primates, as well as in various other mam- 
malian species, this neurotoxin has been used 
extensively as a model of PD (6,9,10). For a 
technical review of MPTP utility and safety, 
please see Przedborski et al. (11). 

In human and nonhuman primates, MPTP 
produces an irreversible and severe parkin- 
sonian syndrome that replicates almost all of » 
the hallmarks of PD, including tremor, rigid- 
ity, slowness of movement, postural instabil-* 
ity, and even gait freezing. The responses and 
the complications to traditional antiparkin- 
sonian therapies are virtually identical to 
those seen in PD. However, although it is be- 
lieved that the neurodegenerative process in 
PD occurs over several years, the most active 
phase of neuronal death after MPTP adminis- 
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tration is presumably completed over a short 
period of time, producing a clinical condition 
consistent with "endstage PD" in a few days. 
Still, brain imaging and neuropathological 
data suggest that after the acute phase of neu- 
ronal death, nigrostriatal dopaminergic neu- 
rons continue to succumb at a much lower rate 
for many years after MPTP exposure (12,13). 
From a neuropathological standpoint, MPTP 
administration causes damage to the 
dopaminergic pathways, which is identical to 
that seen in PD with a resemblance that goes 
beyond the degeneration of nigrostriatal 
dopaminergic neurons. For instance, as in PD, 
MPTP causes a greater loss of dopaminergic 
neurons in the SNpc than in the ventral 
tegmental area (14,15) and a greater degener- 
ation of dopaminergic nerve terminals in the 
putamen than in the caudate nucleus, at least 
in monkeys treated with low-dose MPTP 
(16), but apparently not in acutely intoxicated 
humans (17). On the other hand, two typical 
neuropathological features of PD have, until 
now, been lacking in the MPTP model. First, 
except for the SNpc, other pigmented nuclei 
such as the locus ceruleus have been spared, 
according to most published reports. Second, 
the eosinophilic intraneuronal inclusions, or 
Lewy bodies, so characteristic of PD, have 
thus far not been convincingly observed in 
MPTP-induced parkinsonism (18). Despite 
this impressive resemblance between PD and 
the MPTP model, MPTP has never been re- 
covered fi'om postmortem brain samples or 
body fluids of parkinsonian patients. Alto- 
gether, these findings are consistent with 
MPTP not causing PD, but being an excellent 
experimental model of PD. Accordingly, it 
can be speculated that elucidating the molec- 
ular mechanisms of MPTP should lead to im- 
portant insights into the pathogenesis and 
treatment of PD. 

IS PEROXYNITRITE PRODUCED IN 
THE MPTP MOUSE MODEL? 

Together with its high reactivity, peroxyni- 
trite is known to be very unstable and there- 
fore to have a very short half-life. Conse- 

quently, it is virtually impossible to measure 
the actual content of peroxynitrite in biologi- 
cal samples collected and processed for labo- 
ratory measurements. To circumvent this 
problem, several investigators have exploited 
the fact that peroxjmitrite can induce irre- 
versible amino acid modifications such as the 
nitration of phenolic groups found in t3Tosine 
residues (19). This example of modification, 
called tyrosine nitration, can affect tyrosine 
residues irrespective as to whether they are 
free or contained within proteins and is re- 
garded as a faithfiil fingerprint of peroxyni- 
trite involvement in a given pathological 
process. Over the years, several methods, both 
chromatographic and immuno-based, have 
been developed to measure nitrotyrosine con- 
tent, thanks to the availability of specific anti- 
bodies raised against nitrotyrosine (20). To 
date, there is some evidence that nitrotyrosine 
formation increases in the brains of parkin- 
sonian patients, particularly wherever Lewy 
bodies are found (21-23). To examine the 
question of nitrotyrosine formation in the 
demise of nigrostriatal dopaminergic neurons 
in a more dynamic fashion, the MPTP model 
of PD provides an invaluable tool. High-per- 
formance liquid chromatographic (HPLC) 
studies have shown that nitrotyrosine is in- 
creased in selected brain regions after MPTP 
administration to mice (24). Because of the 
recent concern regarding the specificity of the 
molecule detected by HPLC (25), we have 
used gas chromatography with mass spec- 
troscopy, a method that combines chromato- 
graphic ability with the capacity to confirm 
with certainty the nature of the detected peak 
(26). Based on this method, we have demon- 
strated that 24 hours after the last injection of 
MPTP to mice, the level of nitrotyrosine in- 
creases dramatically in the ventral midbrain, 
the brain region that contains the SNpc, as 
well as in the striatum (Fig. 8.2) (26). In con- 
trast, at the same time points and in the same 
animals, we showed that brain regions known 
not to be affected by MPTP (i.e., the cerebel- 
lum and the frontal cortex) failed to show any 
change in the levels of nitrotyrosine (Fig. 8.2) 
(26). Our data provide compelling evidence 
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FIGURE 8.2. Gas chromatographic/mass spectroscopic quantification of nitrotyrosine 24 fiours af- 
ter metliylplienyltetrahydropyridine (MPTP) administration in cerebellum, frontal cerebral cortex, ven- 
tral midbrain (VMBR), and striatum. (*Significantly higher than controls [p < .05, Student's t test].) 
(From Pennathur S, Jackson-Lewis V, Przedborski S, et al. Mass spectrometric quantification of 3-ni- 
trotyrosine, ortho-tyrosine, and o,o'-dityrosine in brain tissue of 1-methyl-4-phenyl-1,2,3,6-tetrahy- 
dropyrldine-treated mice, a model of oxidative stress in Parkinson's disease. J Biol Chem 
1999;274:34621-34628, with permission.) 

that MPTP does increase nitrotyrosine forma- 
tion and that these alterations are a reflection 
of a pathological process specific to MPTP 
(26). It can also be concluded that these find- 
ings strongly support the notion that perox- 
ynitrite is involved in the MPTP-related cas- 
cade of deleterious events and possibly in the 
pathogenesis of PD. 

ARE BOTH SUPEROXIDE AND NITRIC 
OXIDE REQUIRED? 

Before embarking on this question, specif- 
ically in the MPTP model of PD, it is neces- 
sary to remind the reader that peroxynitrite, as 
stated before, results from the interaction be- 
tween superoxide and NO (27). In a normal 
situation, superoxide is constantly produced 
in a large number of biological reactions 
within our cells, and its intracellular concen- 
tration is maintained at extremely low levels 
by an abundance of the enzyme superoxide 

dismutase (SOD), which destroys the super- 
oxide radical (Fig. 8.1 A). Conversely, NO is 
present in abundance, both within cells and in 
the extracellular space surrounding these 
cells, due to the production of this reactive 
species by several isoforms of the NO SJTI- 
thase (NOS) enzyme (Fig. 8.1 A). Therefore, 
because in normal situations the level of su- 
peroxide is low, the basal level of peroxyni- 
trite is also low, as is the level of oxidative 
damage inflicted by peroxynitrite (Fig. 
8.1 A.). In contrast, in PD as modeled by the 
MPTP neurotoxin, the level of superoxide in- 
creases significantly (Fig. 8.IB), presumably 
via the blockade of mitochondrial respiration 
and/or other mechanisms (28). Consequently, 
the intracellular concentration of superoxide 
now rises, as does the formation of peroxyni- 
trite and the resulting magnitude of oxidative 
stress and cytotoxicity (Fig. 8. IB). 

In light of this, one might ask whether it is 
true that superoxide is a rate-limiting factor in 
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this reaction. To address this important ques- 
tion, we have used transgenic mice that ex- 
press two to three times more SOD in the 
brain (29) with the prospect that by increasing 
superoxide detoxification, less superoxide 
will be available to react with NO, thus less 
peroxynitrite will be formed and less toxicity 
will occur (Fig. 8.3A). The results of our 
study show that MPTP administration causes 
significant damage to the nigrostriatal path- 
way in non-transgenic littermates with normal 
activity of SOD in the brain (30). In contrast, 
in transgenic animals with increased activity 
of SOD in the brain, a similar regimen of 
MPTP causes only minimal damage to the 
dopaminergic neurons (30). Similar results 

were observed in transgenic mice expressing 
manganese SOD, another SOD isoform (31). 
These findings lead us to conclude that as 
predicted (Fig. 8.3A), adjusting the amount of 
superoxide radicals in the brain appears to be 
a key component in the MPTP neurotoxic 
process. 

The second question regarding MPTP toxic 
biochemistry is whether there is also a need 
for NO (Fig. 8.3B). To address this second 
crucial question, several investigators, includ- 
ing ourselves, have modulated the amount of 
NO available for this reaction by targeting 
NOS, the enzyme responsible for NO forma- 
tion. The use of different NOS antagonists 
(32-34) has convincingly demonstrated that 

SOD 
H2O2 

■► 0,N0 ■►  Less Toxicity 

SOD 
H2O2 

► O2NO ■►   Less Toxicity 

FIGURE 8.3. Effects of genetic interventions on 1-methyl-4-phenyl-1,2,3,6-tetraliydropyridine 
(MPTP)-related production of peroxynitrite (O2NO-) and cytotoxicity. By increasing superoxide dis- 
mutase (SOD) activity (A), MPTP-related superoxide radical (O2) production is reduced. Thus, less 
superoxide radicals are available to react with nitric oxide (NO); consequently, less peroxynitrite is 
produced, and less cytotoxicity occurs. By blocking nitric oxide synthase (NOS) (B), the formation of 
NO is reduced. Thus, less NO is available to react with superoxide radicals, and consequently, less 
peroxynitrite is produced and less cytotoxicity occurs. 
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blockade of NOS, which reduces the produc- 
tion of NO, attenuates significantly MPTP-in- 
duced neurotoxicity. Collectively, all of these 
studies indicate that, as hypothesized, both su- 
peroxide and NO are necessary to the delete- 
rious biochemical reaction involved in the 
MPTP-mediated demise of the nigrostriatal 
dopaminergic pathway (Fig. 8.3). 

WHAT IS THE SOURCE OF NITRIC 
OXIDE INVOLVED IN MPTP 

NEUROTOXICITY? 

Thus far, three different isoforms of NOS 
have been cloned and characterized (5). These 
include neuronal NOS (nNOS), inducible 
NOS (iNOS), and endothelial NOS (eNOS). 
All of these isoforms are present in the brain, 
though in variable abundance. The most abun- 
dant isoform nNOS is expressed in several 
neuronal subtypes, but interestingly, nNOS 
has not been identified in dopaminergic neu- 
rons of the nigrostriatal pathway. Yet, 
dopaminergic neurons of the nigrostriatal 
pathway are surrounded by an abundant net- 
work of neuronal cell bodies and fibers that 
contain nNOS (35), suggesting that any NO 
that will be used by dopaminergic neurons in 
MPTP neurotoxicity or in the pathogenesis of 
PD will have to originate from neighboring 
neurons. In contrast to nNOS, iNOS is nor- 
mally not expressed in the brain; however, in 
pathological situations, particularly those as- 
sociated with gliosis, iNOS can be induced. 
Consistent with this notion, in the case of PD 
and in the MPTP model, it has been demon- 
strated by immunohistochemical methods that 
glial cells at the level of the SNpc exhibit a ro- 
bust expression of iNOS (36,37). As for 
eNOS in the brain, only very discrete popula- 
tions of neurons seem to express this NOS 
isoform (38). Otherwise, eNOS is confined to 
the endothelial cells of blood vessels, which 
are abundant in all regions of the brain. In re- 
gions such as the substantia nigra and the 
striatum, we found no evidence that eNOS is 
expressed in neuronal cells (Du Chu Wu and 
Serge Przedborski, personal observation, 
1999). Nevertheless, in these two brain re- 

gions, dopaminergic structures entertain a 
close relationship with blood vessels whose 
walls exhibit robust eNOS immunoreactivity 
(Du Chu Wu and Serge 'Pxze.Sborski, personal 
observation). From a pharmacological stand- 
point, it is important to determine which of 
these isoforms is responsible for the produc- 
tion of NO in the pathogenesis of PD. Thanks 
to the development of genetically engineered 
animals in which the gene for each of the iso- 
forms of NOS has been separately ablated, it 
became possible to answer this question in a 
precise fashion. Using mutant mice deficient 
in nNOS, we were able to demonstrate that 
ablation of nNOS markedly attenuates MPTP 
toxicity (32). Indeed, our data on dopamine 
content in the striatum of these mutant ani- 
mals show that compared with their wild-type 
littermates, MPTP inflicts significantly less 
damage (32). These resuhs indicate that by 
eliminating nNOS, MPTP neurotoxicity is 
partially, but not completely, blocked, which 
suggests that although nNOS plays a signifi- 
cant role in MPTP neurotoxicity, it is proba- 
bly not the sole isoform of NOS implicated in 
this process. 

Using iNOS knockout mice and their wild- 
type littermates, both Dehmer et al. (39) and 
Liberatore et al. (37) showed, first, that not 
only is there a robust glial reaction after 
MPTP administration, but also that there is an 
upregulation of iNOS. More important, these 
studies demonstrate that the administration of 
MPTP, through different regimens to iNOS 
knockout mice and their wild-type litter- 
mates, produces significantly less neuronal 
loss in mutant mice deficient in iNOS com- 
pared with their wild-type counterparts 
(37,39). Again, as for nNOS, toxicity is only 
attenuated and not prevented in iNOS-defi- 
cient mice. As for eNOS, using Western blot- 
ting techniques, we have preliminary data 
showing that the level of expression of eNOS 
is unaffected by MPTP administration, and 
more important, that when toxicity to MPTP 
is assessed in eNOS knockout animals, the 
ablation of this isoform has no significant im- 
pact on the demise of dopaminergic neurons. 
Collectively, these data suggest that in the 
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MPTP model, only iNOS and nNOS seem to 
play a significant role in the neurotoxic 
process. eNOS, although present, seems not 
to have a role here. It can also be extrapolated 
from these data that optimal neuroprotection 
may be obtained in the MPTP model and pos- 
sibly in PD, only if both nNOS and iNOS are 
inhibited. 

DOES PEROXYNITRITE CAUSE 
DETECTABLE DAMAGE AFTER MPTP 

ADMINISTRATION? 

As stated already, peroxynitrite can dam- 
age virtually any cellular component, includ- 
ing proteins, lipids, and DNA, as well as 
dopamine (40). With respect to this chapter, 
M^e focus our discussion only on the MPTP- 
related peroxynitrite effects on proteins. 
Based on the chromatographic studies men- 
tioned earlier in this chapter, we already 
know that MPTP causes detectable damage 
to proteins as a whole, as evidenced by ni- 
trotyrosine levels (Fig. 8.2). This can not only 
be quantified on Western blot analysis but 
also visualized. Using this approach, we have 
demonstrated that after MPTP administra- 
tion, several proteins with very different mol- 
ecular masses are indeed nitrated (41). We 
also show that this phenomenon is time de- 
pendent, peaking between 6 and 12 hours af- 
ter MPTP administration (41). This is not 
surprising because previously we have re- 
ported that MPTP cytotoxicity is also time 
dependent (42) and that biochemical corre- 
lates of MPTP toxicity such as adenosine 
triphosphate (ATP) depletion can be detected 
as early as 1 hour after MPTP administration 
(43). Remarkably, this Western blot study re- 
vealed a robust nitration only on some and 
not all resolved proteins (41), which is an un- 
expected finding, because virtually all pro- 
teins contain at least one tyrosine residue. 
Therefore, our Western blot data indicate that 
whereas all proteins could potentially be ni- 
trated, only specific proteins seem to be ni- 
trated after MPTP administration. To try to 
identify what specific proteins are nitrated 
after MPTP administration, we decided to as- 

sess the propensity of specific protein candi- 
dates to become nitrated after MPTP admin- 
istration. Herein, we illustrate the case of two 
such protein candidates: tyrosine hydroxy- 
lase (TH), which is the rate-limiting enzyme 
in dopamine synthesis, and a-synuclein, a 
small presynaptic protein whose mutations 
have recently been implicated in the develop- 
ment of a familial form of PD. TH contains 
16 tyrosine residues in its primary structure, 
and most of these are found in the vicinity of 
its catalytic site. It should also be mentioned 
that although nitrotyrosine has been pre- 
sented so far in this chapter as a marker of 
perox5mitrite, nitrotyrosine can be neurotoxic 
in its ovra right. For instance, free nitrotyro- 
sine when injected into the striatum has been 
shown to cause some nigrostriatal damage 
(44). In addition, because nitrotyrosine adds 
negative charges into a protein, which could 
have an impact on this protein's secondary or 
tertiary structure, nitrotyrosine could also, in 
the case of an enz5mie, affect its catalytic ac- 
tivity. Relevant to this possibility, we have 
demonstrated that TH becomes heavily ni- 
trated between 3 and 6 hours after the last in- 
jection of MPTP (Fig. 8.4) (41). We have also 
shown that coinciding with its nitration, TH 
looses its catalytic activity (Fig. 8.4) (41). 
Similarly, we have demonstrated that after 
MPTP administration, a-synuclein becomes 
heavily nitrated 4 hours after the last MPTP 
dose (Fig. 8.5.) (45). Interestingly, we found 
that at the same time point and under the 
same regimen of MPTP, proteins related to a- 
synuclein such as P-synuclein or synapto- 
physin are not nitrated (Fig. 8.5) (45). The 
possible fiinctional implication of the nitra- 
tion of a-synuclein is that this small presy- 
naptic protein is known to be quite insoluble, 
and by perturbing its spatial organization, ni- 
tration can conceivably reduce a-s)muclein's 
solubility, thus promoting its precipitation 
and the formation of aggregates. This view, 
although difficult to test in the MPTP mouse 
model, found support in a study performed 
by Giasson et al. (22), who showed that a- 
synuclein in the parkinsonian brain is indeed 
nitrated and that the nitrated form of a-synu- 
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FIGURE 8.4. Inactivation of tyrosine hydroxylase (TH) by tyrosine nitration after 1-metliyl-4-plienyl- 
1,2,3,6-tetrahydropyridine (MPTP) administration. At selected times (0-, 3-, and 6-hour postexpo- 
sure), TH was immunoprecipitated from tlie striatum of iVIPTP-injected mice and tlien visualized us- 
ing an anti-TH antibody. A: Comparable amounts of immunoprecipitated TH were loaded onto the 
gel. To assess the presence of tyrosine nitration in immunoprecipitated TH, an anti-nitrotyrosine an- 
tibody was used. B: TH is markedly nitrated at 3 and 6 hours, but not at 0 hour after MPTP admin- 
istration. As a positive control (C), TH was immunoprecipitated from peroxynitrite-treated PC12 cells. 
Paralleling the time course of its nitration, TH enzymatic activity {hatched bars), and consequently, 
production of dopamine {gray bars) dropped dramatically at 3 and 6 hours post-MPTP administra- 
tion (C). Conversely, at those selected times, TH protein contents {black bars) did not differ signifi- 
cantly from those of healthy controls, indicating that TH is inactivated as a result of nitration. (From 
Ara J, Przedborski S, NainI AB, et al. Inactivation of tyrosine hydroxylase by nitration following expo- 
sure to peroxynitrlte and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Proc NatI Acad Sci 
USA 1998;95:7659-7663, with permission.) 
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FIGURE 8.5. Tyrosine nitration of striatal a-synuclein, but not of p-synuciein, or synaptopliysin, af- 
ter 1-metiiyl-4-plienyl-1,2,3,6-tetrahyclropyridine (MPTP) injection to mice. After l\/IPTP administra- 
tion (4 hours after tlie last injection) or veliicle (saline), striatal proteins were immunoprecipitated us- 
ing anti-synuclein antibody (A); anti-nitrotyrosine (B); anti-p-synuclein (C); or anti-synaptophysin (D). 
After having been resolved on gels, proteins were immunostained with anti-nitrotyrosine (A,C,D 
[lower panels]), anti-a-syn (A [top panel] and B), anti-|3-syn (C [top panel]), and anti-synapto- 
physin (D [top pane!]). (From Przedborski S, Chen Q, Vila IVI, et al. Oxidative post-translational mod- 
ifications of alpha-synuclein in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse 
model of Parkinson's disease. J Neurochem 2001 ;76:637-640, with permission.) 

clein is preferentially found in dystrophic 
neurites and Lewy bodies. 

CONCLUSIONS 

In light of the outlined data, we can propose 
a pathogenic scenario for PD based on the dif- 

^ ferent steps in the MPTP model (Fig. 8.6). 
The first step of this scenario relies on the fact 
that one must agree with the idea that the ini- 

' tiating factor of the deleterious cascade is a 
molecule that shares similarities with the 
MPTP active metabolite l-methyl-4-phenyl- 
pyridimium (MPP"^). As such, this putative 
molecule has to enter dopaminergic neurons 
via the plasma membrane dopamine trans- 
poiler (DAT). Once inside dopaminergic neu- 

rons, MPP^ acts on mitochondria, where it 
blocks mitochondrial respiration. This has two 
immediate consequences: (a) blockade of the 
production of ATP, and therefore, an ensuing 
energy crisis, and (b) an increased production 
of superoxide. As we indicated already, other 
mechanisms may also stimulate the produc- 
tion of superoxide after MPTP administration. 
At the same time, neighboring neurons that 
contain nNOS produce NO, and later, when 
gliosis develops, activated glial cells that con- 
tain iNOS contribute to the production of NO. 
NO, known to be quite stable compared to 
other reactive species, can travel several mi- 
crometers away from its site of production. 
NO, like water, can freely cross the plasma 
membrane, and thus, after being produced 
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FIGURE 8.6. Proposed scenario of methylphenyltetrahydropyridine neurotoxic process and patho- 
genesis of Parkinson's disease. 

and released extracellularly, NO can easily 
penetrate dopaminergic neurons (Fig. 8.6). 
There, NO reacts with superoxide to produce 
peroxynitrite. Peroxynitrite, in turn, will now 
inflict severe oxidative damage to lipids, 
DNA, and proteins such as the nitration of ty- 
rosine residues. Together, oxidative damage 
and energy crisis lead to cellular dysfunction, 
which when built up over time can eventually 
reach a magnitude that is no longer compati- 
ble with life, thus neurons die (Fig. 8.6). Al- 
though this scenario is primarily relevant to 
MPTP neurotoxicity, we strongly believe that 
a similar sequence of events may well under- 
lie the neurodegenerative process in PD. 
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Summary 
Parkinson's disease is a neurodegenerative disorder of unknown 

pathogenesis. Oxidative stress has been proposed as one of several 
pathogenic hypotheses. Evidence for the participation of oxidative 
processes in the pathogenesis of Parkinson's disease have been 
obtained in the l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP) model by the use of genetically altered mice. MPTP 
administration has been shown to increase levels of superoxide both 
intracellularly, via the inhibition of mitochondrial respiration and 
other mechanisms and extracellularly, via the activation of NADPH- 
oxidase in microglia. In addition to superoxide, nitric oxide 
production by nNOS or by microglial iNOS also contributes to the 
MPTP neurotoxocity. Mice with endowed defences against 
superoxide or with deficiency in the nNOS and iNOS are 
protected from MPTP toxicity suggesting that formation of 
reactive oxygen and nitrogen intermediates both intracellularly and 
extracellularly contributes to the demise of dopaminergic neurons. 
Similar contribution of reactive nitrogen and oxygen species may 
well underlie the neurodegenerative processes in Parkinson's disease. 

ILBMB Life, 55: 329-335, 2003 

Keywords   Neurodegeneration: Parkinson's disease: MPTP; iNOS; 
ROS; NADPH-oxidase; peroxynitrite. 

INTRODUCTION 
Parkinson's disease (PD) is a common, neurodegenerative 

disorder whose cardinal features include tremor, slowness of 
movement, rigidity and postural instability (1). Epidemiologi- 
cal data indicate that, currently, about one million individuals 
are affected with PD in North America alone, and that about 
50,000 new cases arise every year (/). Pathologically, PD is 
characterized primarily by a dramatic degeneration of the 
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nigrostriatal pathway (2). The latter is formed by dopamine- 
producing neurons whose cell bodies, located in the substantia 
nigra pars compacta (SNpc), project their axons up to the 
basal ganglia, where they release dopamine, thereby assuring 
dopaminergic neurotransmission. As part of the neurodegen- 
eration of the nigrostriatal pathway, both cell bodies and, to a 
greater extent, striatal nerve terminals, degenerate (2). Aside 
from these prominent features, other aspects of the pathology 
of PD include the presence of intraneuronal proteinacious 
inclusions called Lewy bodies (3). Despite the large body of 
knowledge about PD, why and how nigrostriatal dopaminer- 
gic neurons die in this disease remains an enigma. 

Over the years, several pathogenic hypotheses have been 
proposed in attempts to explain the mechanisms of neuronal 
loss in PD. Among these putative pathophysiological 
mechanisms, the oxidative stress hypothesis (4) proposes 
that the balance between the production and destruction of 
reactive oxygen species is disrupted, permitting oxidants and 
reactive intermediates to inappropriately oxidize macromo- 
lecules resulting in cellular dysfunction and, ultimately, in 
cell death. To date, countless studies have been published in 
support of this presumed pathogenic scenario (4). Among 
the plethora of reactive species capable of mediating 
oxidative damage in PD, mounting evidence points to nitric 
oxide-derived reactive species such as peroxynitrite, nitrogen 
dioxide and other unrecognized potential reactive nitrogen 
species as the main culprits (5). The formation of these 
reactive intermediates requires the oxidation of nitric oxide 
or stable metabolites of nitric oxide such as nitrite or 
requires the reaction of nitric oxide with other radical 
species such as superoxide, for example, to form peroxyni- 
trite. Because of the remarkable reactivity of these nitrogen 
species, biological molecules such as proteins, DNA and 
lipids in dopaminergic neurons in the brains of parkinsonian 
patients could be targeted for oxidation or other modifica- 
tions, resulting in extensive cellular injury and ultimately in 

cell death. 

ISSN ISll-e-MS print/ISSN 1521-6551 online '   2003 lUBMB 
DOI: 10.1080/1521654032000114320 
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In this chapter, we will summarize the current findings 
regarding the potential role of nitric oxide-derived reactive 
nitrogen species in the pathogenesis of PD through the use of 
the   ^l-methyl-4-phenyl-l,2.3.6-tetrahydropyridine    (MPTP) 
mouse model,  ihe ciiapici  wm jc\ic>\  a.^ ,,..,...,..... .• ■■■■--■■■ 
of nitric oxide as well as superoxide and other reactive oxygen 
species, the evidence for the production of these reactive 
nitrogen intermediates in the MPTP mouse model of PD and 
the potential consequence and biological targets of these 
deleterious species following the administration of MPTP. 

MPTP MOUSE MODEL OF PARKINSON'S DISEASE 
As a preamble to this discussion, it is worth providing a 

brief review of the MPTP model (6). The fact that MPTP 
causes a parkinsonian syndrome was discovered in 1982 when 
a group of drug addicts in California were rushed to the 
emergency room with a severe bradykinetic and rigid 
syndrome' (7). Subsequently, it was discovered that this 
syndrome was induced by the self-administration of a 
synthetic meperidine analogue whose synthesis was heavily 
contaminated by a by-product, MPTP (8). In the period of a 
few days following the administration of MPTP, these patients 
exhibited a severe and irreversible akinetic rigid syndrome 
akin to PD, and L-DOPA was tried with great success, 
relieving the symptoms in these patients. Since the discovery 
that MPTP causes parkinsonism in human and non-human 
primates as well as in various other mammalian species, this 
neurotoxin has been used extensively as a model of PD (5, 9, 
]0). For a technical review of MPTP utility and safety, please 
refer to Ref. (77). 

In human and non-human primates, MPTP produces an 
irreversible and severe parkinsonian syndrome that recapitu- 
lates almost all of the hallmarks of PD including tremor, 
rigidity, slowness of movement, postural instability, and even 
gait freezing. The responses as well as the complications to 
traditional anti-parkinsonian therapies are virtually identical 
to those seen in PD. However, while it is believed that the 
neurodegenerative process in PD occurs over several years, the 
most-active phase of neuronal death following MPTP admin- 
istration is completed over a short period of time, producing a 
clinical condition consistent with 'end-stage PD' in a few days. 
Still, brain imaging and neuropathological data suggest that, 
following the acute phase of neuronal death, nigrostriatal 
dopaminergic neurons continue to succumb at a much lower 
rate for many years after MPTP exposure (12, 13). From a 
neuropathological standpoint, MPTP administration causes 
damage to the dopaminergic pathways identical to that seen in 
PD with a resemblance that goes beyond the degeneration of 
nigrostriatal dopaminergic neurons. For instance, as in PD, 
MPTP causes a greater loss of dopaminergic neurons in the 
SNpc than in the ventral tegmental area {14, 15) and a greater 
degeneration of dopaminergic nerve terminals in the putamen 
than in the caudate nucleus, at least in monkeys treated with 

low dose of MPTP (76), but apparently not in acutely 
intoxicated humans (77). On the other hand, two typical 
neuropathologic features of PD have, until now, been lacking 
in  the  MPTP  model.   First,  except   for  the  SNpc,   other 
...   ,    j  ,1-: ,,,,.1, .,,^ (1,., i^riic rni->rn'pi'^ b:ive been spureH 

\l8). Second, the eosinophilic intraneuronal inclusions Lewy 
bodies, characteristic of PD, have thus far not been convin- 
cingly observed in MPTP-induced parkinsonism (18). How- 
ever, whether these absences of pathological features from 
MPTP reflect a difference in the neurotoxic mechanisms 
between PD and MPTP model or merely a difference in the 
dosage regimen that these animals and PD patients are 
exposed to a neurotoxin remains to be determined. Although 
thus far, MPTP has never been recovered from post-mortem 
brain tissues or body fluids of parkinsonian patients, indicat- 
ing that MPTP is unlikely to cause PD, this neurotoxin 
provides an excellent experimental model for this disorder. 
Accordingly, it can be speculated that elucidating the 
molecular mechanisms of MPTP should lead to important 
insights into the pathogenesis and treatment of PD. 

WHAT IS THE SOURCE OF NITRIC OXIDE INVOLVED IN 
MPTP NEUROTOXICITY? 

Thus far, three diff"erent isoforms of NOS have been cloned 
and characterized (5). These include neuronal NOS (nNOS), 
inducible NOS (iNOS), and endothelial NOS (eNOS). All of 
these isoforms are present in the brain though in variable 
amounts. The most abundant isoform. nNOS, is expressed in 
several neuronal subtypes but, interestingly, thus far nNOS 
has   not   been   detected   in   dopaminergic  neurons   of the 
nigrostriatal   pathway.  Yet,  dopaminergic  neurons  of the 
nigrostriatal pathway are surrounded by an abundant network 
of neuronal cell bodies and fibres that contain nNOS (79), 
suggesting   that   any   nitric   oxide   that   will   be   used   by 
dopaminergic  neurons in  MPTP  neurotoxicity  or in  the 
pathogenesis of PD will have to originate from neighbouring 
neurons. In contrast to nNOS, iNOS is normally not expressed 
in the brain: however, in pathological situations, especially 
those associated with gliosis, iNOS can be induced. Consistent 
with this notion, in the case of PD as well as in the MPTP 
model, it has been demonstrated by immunohistochemical 
methods, that glial cells at the level of the SNpc exhibit a 
robust expression of iNOS (20, 21). As for eNOS in the brain, 
only very discrete populations of neurons seem to express this 
NOS  isoform   (22).  Primarily,  eNOS  is  confined  to  the 
endothelial cells of blood vessels, which are abundant in all 
regions of the brain. In regions like the substantia nigra and 
the striatum. we found no evidence that eNOS is expressed in 
neuronal cells (Wu and Przedborski, personal observation). 
Nevertheless,   in   these   two   brain   regions,   dopaminergic 
structures entertain a close relationship with blood vessels 
whose walls exhibit robust eNOS immunoreactivity (Wu and 
Przedborski, personal observation). From a pharmacological 
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Standpoint, it is important to determine which of these 
isoforms is responsible for the production of nitric oxide in 
the pathogenesis of PD. The development of genetically 
engineered animals, in which the gene for each of the isoforms 
of NOS has been separately ablated, has made possible the 
investigations of the contribution of each isofonn in the 
pathophysiology of MPTP. Using mutant mice deficient in 
nNOS, we were able to demonstrate that ablation of nNOS 
markedly attenuates MPTP toxicity (23). Indeed, the data on 
dopamine content in the striatum of these mutant animals 
show that, compared to their wildtype httermates, MPTP 
inflicts significantly less damage (23). These results indicate 
that nNOS produced nitric oxide contributes in part to the 
MPTP neurotoxicity and that nitric oxide derived from the 
other two NOS isoforms may also contribute in the MPTP 
neurotoxicity. 

Schulz and collaborators (24) and we (27) show that not only 
is there a robust glial reaction but also an upregulation of iNOS 
expression and nitric oxide production after MPTP adminis- 
tration. More importantly, administration of MPTP, through 
different regimens, produces significantly less neuronal loss in 
mice deficient in iNOS compared to their wildtype counterparts 
(21, 24). Again, similar to the nNOS deficient mice, toxicity is 
only attenuated and not completely prevented in iNOS deficient 
mice. As for eNOS, using Western blot techniques, our 
unpublished data show that the level of expression of eNOS is 
unaffected by MPTP administration and, more importantly, 
when toxicity to MPTP is assessed in eNOS knockout animals, 
the ablation of this isoform has no significant impact on the 
demise of dopaminergic neurons. Collectively, these data 
suggest that, in the MPTP model, nNOS and iNOS but not 
eNOS play a significant role in the neurotoxic process. It can 
also be extrapolated from these data that optimal neuroprotec- 
tion may be obtained in the MPTP model and possibly in PD, 
only if both nNOS and iNOS are inhibited. 

EVIDENCE FOR THE FORMATION OF REACTIVE 
NITROGEN SPECIES IN MPTP TOXICITY MODEL 

Reactive nitrogen species such as nitrogen dioxide and 
peroxynitrite are capable of both oxidizing and nitrating 
biological macromolecules. Formation of these reactive 
intermediates does require nitric oxide or its stable metabolite 
such as nitrite and could in part explain the contribution of 
nitric oxide to the toxicity of MPTP. The reaction of oxygen 
with nitric oxide, although kinetically slow, can generate 
nitrogen dioxide which can also be formed by the oxidation of 
nitrite by peroxidase and heme proteins. Peroxynitrite can be 
formed by the kinetically favourable reaction between super- 
oxide and nitric oxide (25). One common reaction which could 
be considered as a biological 'fingerprint' for the formation of 
these reactive nitrogen species is the nitration of aromatic 
residues and particulaHy of tyrosine giving rise to 3- 
nitrotyrosine (26). 

Over the years, both analytical (based on GC/MS separa- 
tion and detection) as well as immunological methods have 
been developed to quantify, detect and localize nitrotyrosine in 
the MPTP model (27). Data obtained from selective analytical 
methodology such as the HPLC have revealed that nitrotyr- 
osine levels are increased in selected brain regions following 
MPTP administration to mice (28). Using GC/MS. 24 h after 
the last injection of MPTP to mice, the level of nitrotyrosine 
increases dramatically in the ventral midbrain, the brain 
region that contains the SNpc, as well as in the striatum (29). 
In contrast, at the same time points and in the same animals, 
we showed that brain regions that are not affected by MPTP, 
i.e., the cerebellum and the frontal cortex, fail to show any 
change in the levels of nitrotyrosine (29). These data provide 
compelling evidence that MPTP does increase nitrotyrosine 
formation and that these alterations are a reflection of a 
pathological process specific to MPTP (29). The use of 
immunological approaches such as two-dimensional separa- 
tion of brain proteins followed by Western blotting with anti- 
nitrotyrosine antibodies reveal that several proteins with 
different molecular masses are nitrated between 3 and 12 h 
after MPTP administration (30). The eariy occurrence of 
nitration events is not surprising since previously we have 
reported that MPTP cytotoxicity is also time-dependent (57) 
and that biochemical correlates of MPTP toxicity such as ATP 
depletion can be detected as early as 1 h after MPTP 
administration (32). Remarkably, this analysis also reveal a 
robust nitration of some but not all resolved proteins (30), 
which is an unexpected finding since virtually most proteins 
contain tyrosine residues suggesting that while all proteins 
cowW potentially be nitrated, only specific proteins are nitrated 
following MPTP administration. With the utihty of immuno- 
precipitation, two proteins are identified as prominent targets 
for nitration after MPTP administration; tyrosine hydroxylase 
(TH), which is the rate-limiting enzyme in dopamine synthesis, 
and a-synuclein. a small presynaptic protein whose mutations 
have recently been implicated in the development of a familial 
form of PD. The data indicated that TH is nitrated at 3 h and 
6 h after the last injection of MPTP (30) and coinciding with 
this nitration, a loss of catalytic activity in generating L- 
DOPA, is observed (30). Nitration of TH has also been 
observed in cells treated with l-methyl-4-phenylpyridium 
(MPP"^), the active metabolite of MPTP, and low molecular 
weight molecules capable of effectively removing superoxide 
and hydrogen peroxide prevent the nitration of TH (33). 

Four hours after the last MPTP administration, another 
protein that is modified by nitration is a-synuclein (34). 
Interestingly, at the same time point and under the same 
regimen of MPTP, proteins related to a-synuclein such as ^- 
synuclein or synaptophysin are not nitrated (34). The in vivo 
consequence of tyrosine nitration of a-synuclein is still under 
investigation but interestingly Giasson and collaborators (35) 
showed that nitrated a-synuclein is preferentially found in 
dystrophic neurites and in Lewy bodies in the post mortem 
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brains of patients with Parkinson's and other related 
parkinsonian syndromes. Additional data have also indicated 
that other proteins in addition to a-synuclein are nitrated in 
Lewy bodies in the brains of parkinsonian patients {35-37). 
Similar to TH, exposing HEK 293 cells, stably transfected 
with either wild type or mutant a-synuclein, to nitric oxide-and 
superoxide-generating compounds result in a-synuclein nitra- 
tion (38). 

In addition to nitration of proteins, reactive nitrogen 
species could also nitrate the free amino acid tyrosine resulting 
in free 3-nitrotyrosine. Interestingly, when free nitrotyrosine is 
injected into the striatum of rats at concentrations 50% lower 
than that of 6-hydroxydopamine. a neurotoxin to dopaminer- 
gic neurons, some nigrostriatal damage is observed {39). 
Collectively, these findings strongly support the notion that 
formation of reactive nitrogen is involved in the MPTP-related 
cascade of deleterious events and possibly in the pathogenesis 
ofPD. 

SOURCES OF REACTIVE NITROGEN SPECIES IN MPTP 
TOXICITY MODEL 

Formation of reactive nitrogen species can be catalyzed by 
peroxidases such as myeloperoxidase (MPO), which by 
utilizing hydrogen peroxide, can oxidize nitrite to nitrogen 
dioxide {40). Normally, MPO produces hypochlorous acid, 
which among other reactions could chlorinate tyrosine 
residues {41). Administration of MPTP also activates myelo- 
peroxidase and chlorotyrosine has been detected after MPTP 
injection (Choi et al., submitted). 

Another source of reactive nitrogen species is the 
formation of peroxynitrite, which would require sources 
of superoxide. Under physiological conditions, various 
biological processes within cells constantly produce super- 
oxide and its intracellular concentration is maintained at 
extremely low levels by the abundance of superoxide 
dismutases. Conversely, nitric oxide is present in abun- 
dance, both within cells and in the extracellular space 
surrounding dopaminergic neurons, produced by either 
nNOS or iNOS. Therefore, since under physiological 
situations, the level of superoxide is low, the basal level 
of peroxynitrite is also low and hence the level of oxidative 
damage inflicted by peroxynitrite is minimal. In contrast, in 
PD as modelled by the MPTP neurotoxin, intracellular 
levels of superoxide increase significantly, presumably via 
the inhibition of mitochondrial respiration and other 
mechanisms {42). In addition to intraneuronal formation 
of superoxide, neuroi,. could also be exposed to extra- 
cellularly formed superoxide in the MPTP toxicity. 
Following administration of MPTP, there is activation of 
microglia in addition to a host of pro-inflammatory 
cytokines such as interleukin-Ii? (27). Microgha activation 
involves the expression of iNOS and the production of 
nitric oxide as well the activation of NADPH-oxidase (43). 

NADPH-oxidase is a multimeric enzyme, which resides in 
microglia and its activation reduces oxygen to form 
superoxide. The contribution of intracellular superoxide to 
the MPTP neurotoxicity is evaluated in transgenic mice 
that express two to three times more cytosolic form of 
superoxide dismutase (copper/zinc-SOD, SODl) in the 
brain (44). These transgenic animals have minimal damage 
to the dopaminergic neurons after the typical regimen of 
MPTP (45). Similar results are also observed in transgenic 
mice expressing mitochondrial manganese-SOD (S0D2), 
another SOD isoform {46). The significant involvement of 
extracellular superoxide to the MPTP toxicity is demon- 
strated when stereotaxic injection of the membrane-imper- 
meant SODl. which remains in the extracellular 
compartment, to striatum shows protection of striatal 
TH-positive fibers on the infused side as compared to the 
non-infused side {43). Consistent with this protection, mice 
defective in NADPH-oxidase and thus having reduced 
levels of extracellular superoxide show less dopaminergic 
neuronal loss and protein oxidation than their wildtype 
litermates after MPTP injections {43). Together, these 
findings indicate that the levels of superoxide both 
intracellular and extracellular appear to be critial compo- 
nents in the MPTP neurotoxic process. Furthermore, the 
employment of iNOS-knockout mice, different NOS 
antagonists {23. 47, 48) and minocycline to inhibit 
microglial activation {49, 50) has also demonstrated that 
blockade of NOS, which reduces the production of nitric 
oxide, attenuates significantly MPTP-induced neurotoxicity. 
Collectively, these studies indicate that both superoxide and 
nitric oxide are critical components of the deleterious 
biochemical reactions involved in the MPTP-mediated 
demise of the nigrostriatal dopaminergic pathway (Fig.  1). 

ONOO 
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Microglia 

Energy 
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Cell death MPP 

Figure 1.    Proposed scenario of MPTP neurotoxic process 
and pathogenesis of Parkinson's disease. 
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CONCLUSION 

In light of the outlined data, we can propose a working 
model for the contribution of nitric oxide-derived reactive 
intermediates in the pathogenic mechanisms of PD. based on 
the observations gathered in the MPTP model (Fig. 1). The 
first step of the working hypothesis relies on the premise that 
the initiating factor of the deleterious cascade is a molecule 
that shares similarities with MPTP's active metabolite 1- 
methyl-4-phenylperydinium (MPP"^). As such, this putative 
molecule has to enter dopaminergic neurons via the plasma 
membrane dopamine transporter (DAT). Once inside dopa- 
minergic neurons, MPP"^ acts on mitochondria, where it 
blocks mitochondria! respiration. This has two immediate 
consequences: (i) blockade of ATP production and, therefore, 
an ensuing energy crisis; and (ii) increased production of 
superoxide. As indicated above, other mechanisms such as 
activation of microglia and NADPH-oxidase may also 
increase the production of superoxide following MPTP 
administration. At the same time, neighbouring neurons that 
contain nNOS produce nitric oxide, while later, when gliosis 
develops, activated glial cells that contain iNOS also 
contribute to the production of nitric oxide. Nitric oxide, a 
lipophillic diatomic molecule, can travel several micrometers 
away from its site of production and can freely cross the 
plasma membrane to reach the intracellular space of 
dopaminergic neurons. However, the concomitant production 
of superoxide in the intracellular and extracellular space will 
convert nitric oxice to peroxynitride, which in turn, will inflict 
oxidative damage to lipids, DNA, and proteins such as the 
oxidation and nitration of tyrosine residues. Possibly at the 
same time, activation of MPO and other proteins with 
peroxidase-like activity as well as increased hydrogen peroxide 
production, could also oxidize nitrite to nitrogen dioxide 
resulting in oxidative damage to lipids, DNA, and protein. 
The increased frequency of biological oxidations and the 
energy crisis lead to cellular dysfunction, which subsequently 
and eventually reach a magnitude that results in cell death 
(Fig. 1). Although this working model is primarily relevant to 
MPTP neurotoxicity, it is highly probable that a similar 
sequence of events may well underlie the neurodegenerative 
process in PD. 
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Parkinson's disease (PD) results primarily from the 
death of dopaminergic neurons in the substantia nigra. 
Current PD medications treat symptoms; none halt or 
retard dopaminergic neuron degeneration. The main 
obstacle to developing neuroprotective therapies is a 
limited understanding of the key molecular events that 
provoke neurodegeneration. The discovery of PD 
genes has led to the hypothesis that misfolding of 
proteins and dysfunction of the ubiquitin-proteasome 
pathway are pivotal to PD pathogenesis. Previously 
implicated culprits in PD neurodegeneration, mito- 
chondrial dysfunction and oxidative stress, may also 
act in part by causing the accumulation of misfolded 
proteins, in addition to producing other deleterious 
events in dopaminergic neurons. Neurotoxin-based 
models (particularly MPTP) have been important in 
elucidating the molecular cascade of cell death in do- 
paminergic neurons. PD models based on the manipu- 
lation of PD genes should prove valuable in elucidating 
important aspects of the disease, such as selective 
vulnerability of substantia nigra dopaminergic neurons 
to the degenerative process. 

Introduction 
In his classic 1817 monograph "Essay on the Shaking 
Palsy," James Parkinson described the core clinical fea- 
tures of the second most common age-related neurode- 
generative disease after Alzheimer's disease (AD). Al- 
though more than a century passed before the central 
pathological feature of Parkinson's disease (PD) was 
found to be the loss of neurons in the substantia nigra 
pars compacta (SNpc), the pace of discovery acceler- 
ated following Arvid Carlsson's 1958 discovery of dopa- 
mine (DA) in the mammalian brain. SNpc neurons were 
then found to fomi the nigrostriatal dopaminergic path- 
way, and this line of research culminated with two key 
discoveries. First, loss of SNpc neurons leads to striatal 
DA deficiency, which is responsible for the major symp- 
toms of PD. Second, replenishment of striatal DA 
through the oral administration of the DA precursor levo- 
dopa (L-3,4-dihydroxyphenylalanine) alleviates most of 
these symptoms. 

Although the discovery of levodopa revolutionized the 
treatment of PD, we soon leamed that after several years 
of treatment most patients develop involuntary move- 
ments, termed "dyskinesias," which are difficult to con- 
trol and significantly impair the quality of life. Current 
research is directed toward prevention of dopaminergic 
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neuron degeneration. Nevertheless, despite advances 
toward this goal, all current treatments are symptomatic; 
none halt or retard dopaminergic neuron degeneration. 

The main obstacle in the development of neuroprotec- 
tive drugs is ignorance of the specific molecular events 
that provoke neurodegeneration in PD. Prior to the last 5 
years, most of the current hypotheses about the etiology 
and pathogenesis of PD derived from postmortem tissue 
or neurotoxic animal models, most notably, 1-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced do- 
paminergic neurodegeneration. Exposure of humans to 
MPTP causes a syndrome that mimics the core neuro- 
logical symptoms and relatively selective dopaminergic 
neurodegeneration of PD, and MPTP toxicity in mice is 
the most commonly studied animal model of PD. These 
studies have focused on three types of cellular dysfunc- 
tion that may be important in the pathogenesis of PD: 
oxidative stress, mitochondrial respiration defect, and 
abnormal protein aggregation. In addition, the MPTP 
monkey model has yielded valuable information regard- 
ing the functional alterations in basal ganglia circuits 
that occur subsequent to striatal DA depletion, and this 
model remains the gold standard for the preclinical eval- 
uation of new therapies aimed at alleviating the symp- 
toms of PD. While many findings from MPTP studies 
have been confirmed in human PD brains, there is in- 
tense debate about the relationship between MPTP and 
PD neurodegeneration. 

This situation changed in 1997 with the discovery that 
mutations in the gene for a-synuclein cause an inherited 
form of PD. In just 5 years since this breakthrough, three 
additional PD-causing genes have been identified, and 
linkage has been reported for three more. As in AD, these 
rare PD genes appear to operate through a common 
molecular pathway, and their discovery may lead to the 
creation of novel animal models for the study of PD 
pathogenesis. It will also be important to determine 
whether these pathogenic proteins participate in the 
molecular events leading to neurodegeneration in exist- 
ing animal models of PD, in order to evaluate how closely 
these models mimic the pathogenic events of the human 
disease. 

Here, after discussing clinical and neuropathological 
characteristics of PD, we review current concepts of the 
etiology and pathogenesis of PD. We then focus on 
animal models of PD, evaluating how both well-estab- 
lished toxin-induced models and newer genetic models 
have contributed to the understanding of PD. 

Clinical Characteristics of PD 
PD is a progressive disease with a mean age at onset 
of 55, and the incidence increases markedly with age, 
from 20/100,000 overall to 120/100,000 at age 70. In 
about 95% of PD cases, there is no apparent genetic 
linkage (referred to as "sporadic" PD), but in the re- 
maining cases, the disease is inherited. Overtime, symp- 
toms worsen, and prior to the introduction of levodopa, 
the mortality rate among PD patients was three times 
that of the normal age-matched subjects. While levo- 
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Table 1. Parkinsonian Syndromes 

Primary Parkinsonism 
Parkinson disease (sporadic, familial) 

Secondary Parkinsonism 
Drug-induced: dopamine antagonists and depletors 
Hemiatrophy-hemiparkinsonism 
Hydrocephalus: normal pressure hydrocephalus 
Hypoxia 
Infectious: postencephalitic 
Metabolic: parathyroid dysfunction 
Toxin: Mn, CO, MPTP, cyanide 
Trauma 
Tumor 
Vascular: multiinfarct state 

Parkinson-plus Syndromes 
Cortical-basal ganglionic degeneration 
Dementia syndromes: Alzheimer disease, diffuse Lewy body 

disease, frontotemporal dementia 
Lytico-Bodig (Guamanian Parkinsonism-dementia-ALS) 
Multiple system atrophy syndromes: striatonigral degeneration, 

Shy-Drager syndrome, sporadic olivopontocerebellar 
degeneration (OPCA), motor neuron disease-parkinsonism 

Progressive pallidal atrophy 
Progressive supranuclear palsy 

Familial Neurodegenerative Diseases 
Hallervorden-Spatz disease 
Huntington disease 
Lubag P(-linked dystonia-parkinsonism) 
Mitochondrial cytopathies with striatal necrosis 
Neuroacanthocytosis 
Wilson disease 

MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; ALS, amytrophic 
lateral sclerosis. 

dopa has dramatically improved the quality of life for PD 
patients, population-based surveys suggest that these 
patients continue to display decreased longevity com- 
pared to the general population (Hely et al., 1989; Mor- 
gante et al., 2000; Levy et al., 2002). Furthermore, most 
PD patients suffer considerable motor disability after 
5-10 years of disease, even when expertly treated v\/ith 
available symptomatic medications. 

Clinically, any disease that includes striatal DA defi- 
ciency or direct striatal damage may lead to "parkinson- 
ism," a syndrome characterized by tremor at rest, rigid- 
ity, slowness or absence of voluntary movement, 
postural instability, and freezing (Table 1). PD is the most 
common cause of parkinsonism, accounting for ~80% 
of cases. 

PD tremor occurs at rest but decreases with voluntary 
movement, so typically does not impair activities of daily 
living. Rigidity refers to the increased resistance (stiff- 
ness) to passive movement of a patient's limbs. Bradyki- 
nesia (slowness of movement), hypokinesia (reduction in 
movement amplitude), and akinesia (absence of normal 
unconscious movements, such as arm swing in walking) 
manifest as a variety of symptoms, including paucity of 
normal facial expression (hypomimia), decreased voice 
volume (hypophonia), drooling (failure to swallow with- 
out thinking about it), decreased size (micrographia) and 
speed of handwriting, and decreased stride length dur- 
ing walking. Bradykinesia may significantly impair the 
quality of life because it takes much longer to perform 
everyday tasks such as dressing or eating. PD patients 
also typically develop a stooped posture and may lose 

normal postural reflexes, leading to falls and, some- 
times, confinement to a wheelchair. Freezing, the inabil- 
ity to begin a voluntary movement such as walking (i.e., 
patients remain "stuck" to the ground as they attempt to 
begin moving), is a common symptom of parkinsonism. 
Abnormalities of affect and cognition also occur fre- 
quently; patients may become passive or withdrawn, 
with lack of initiative; they may sit quietly unless encour- 
aged to participate in activities. Responses to questions 
are delayed, and cognitive processes are slowed 
("bradyphrenia"). Depression is common, and dementia 
is significantly more frequent in PD, especially in older 
patients. 

Neurochemical and Neuropathologlcal 
Features of PD 
The pathological hallmarks of PD are the loss of the 
nigrostriatal dopaminergic neurons and the presence 
of intraneuronal proteinacious cytoplasmic inclusions, 
termed "Lewy Bodies" (LBs) (Figure 1). The cell bodies 
of nigrostriatal neurons are in the SNpc, and they project 
primarily to the putamen. The loss of these neurons, 
which normally contain conspicuous amounts of neuro- 
melanin (Marsden, 1983), produces the classic gross 
neuropathologlcal finding of SNpc depigmentation (Fig- 
ure 1B). The pattern of SNpc cell loss appears to parallel 
the level of expression of the DA transporter (DAT) mRNA 
(Uhl et al., 1994) and is consistent with the finding that 
depletion of DA is most pronounced in the dorsolateral 
putamen (Bemheimer et al., 1973), the main site of pro- 
jection for these neurons. At the onset of symptoms, 
putamenal DA is depleted ^80%, and ^^60% of SNpc 
dopaminergic neurons have already been lost. The 
mesolimbic dopaminergic neurons, the cell bodies of 
which reside adjacent to the SNpc in the ventral tegmen- 
tal area (VTA), are much less affected in PD (Uhl et al., 
1985). Consequently, there is significantly less depletion 
of DA in the caudate (Price et al., 1978), the main site 
of projection for these neurons. 

Neuropathologlcal studies of PD-related neurodegen- 
eration suggest possible clues to the pathogenesis of 
the disease. First, PD-associated loss of dopaminergic 
neurons has a characteristic topology, distinct from the 
pattern seen in normal aging. In PD, cell loss is concen- 
trated in ventrolateral and caudal portions of the SNpc, 
whereas during normal aging the dorsomedial aspect 
of SNpc is affected (Fearnley and Lees, 1991). Thus, 
even though age is an important risk factor for PD, the 
processes that produce age-related dopaminergic neu- 
ronal death are probably different from those in PD. 
Second, the degree of terminal loss in the striatum ap- 
pears to be more pronounced than the magnitude of 
SNpc dopaminergic neuron loss (Bemheimer et al., 
1973), suggesting that striatal dopaminergic nerve ter- 
minals are the primary target of the degenerative pro- 
cess and that neuronal death in PD may result from 
a "dying back" process. Experimental support forthe 
concept of dying back includes the observations that 
in MPTP-treated monkeys the destruction of striatal ter- 
minals precedes that of SNpc cell bodies (Herkenham 
et al., 1991), and in MPTP-treated mice, protection of 
striatal terminals prevents the loss of SNpc dopaminer- 
gic neurons (Wu et al., 2003). Third, the mechanism of 
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Figure 1. Neuropathology of Parl<inson's 
Disease 

(A) Schematic representation of tlie normal 
nigrostriatal pathway (in red). It is composed 
of dopaminergic neurons whose cell bodies 
are located in the substantia nigra pars com- 
pacta (SNpc; see arrows). These neurons 
project (thick solid red lines) to the basal gan- 
glia and synapse in the striatum (i.e., putamen 
and caudate nucleus). The photograph dem- 
onstrates the normal pigmentation of the 
SNpc, produced by neuromelanin within the 
dopaminergic neurons. 
(B) Schematic representation of the diseased 
nigrostriatal pathway (in red). In Parkinson's 
disease, the nigrostriatal pathway degener- 
ates. There is a marked loss of dopaminergic 
neurons that project to the putamen (dashed 
line) and a much more modest loss of those 
that project to the caudate (thin red solid line). 
The photograph demonstrates depigmenta- 
tion (i.e., loss of dark-brown pigment neuro- 
melanin; arrows) of the SNpc due to the 
marked loss of dopaminergic neurons. 
(C) Immunohistochemical labeling of intra- 
neuronal inclusions, termed Lewy bodies, in a 
SNpc dopaminergic neuron. Immunostaining 
with an antibody against a-synuclein reveals 
a Lewy body (black arrow) with an intensely 
immunoreactive central zone surrounded by 
a faintly immunoreactive peripheral zone (left 
photograph). Conversely, immunostaining 
with an antibody against ubiquitin yeilds more 
diffuse immunoreactivity within the Lewy 
body (right photograph). 

synaptic DA clearance in the striatum seems to be more 
dependent on DAT than in the prefrontal cortex, where 
other monoaminergic transporters and the synaptic en- 
zyme catechol-0-methyltransferase play a greater role 
in temninating the actions of DA (Giros et al., 1996; Gogos 
et al., 1998; Mundorf et al., 2001). The prefrontal cortex 
is a primary site of projection for VTA dopaminergic 
neurons, so this difference may be of importance in 
understanding the relative resistance of VTA neurons to 
PD-related degeneration. Differences in neuronal milieu 
have also been identified surrounding SNpc dopaminer- 
gic cell bodies. The neuropil of the substantia nigra, 
composed of axon projections from the striatum and 
globus pallidus, stains strongly for calbindin DSSK, and 
most dopaminergic cell bodies reside within this calbin- 
din-rich neuropil (Damier et al., 1999a). However, the 
susceptible neurons in PD tend to be in calbindin-poor 
areas of the substantia nigra (Damier et al., 1999b). 

Although it is commonly thought that the neuropathol- 
ogy of PD is characterized solely by dopaminergic neu- 
ron loss, the neurodegeneration extends well beyond 
dopaminergic neurons (reviewed by Hornykiewicz and 
Kish, 1987). Neurodegeneration and LB formation are 
found in noradrenergic (locus coeruleus), serotonergic 
(raphe), and cholinergic (nucleus basalis of Meynert, 
dorsal motor nucleus of vagus) systems, as well as in 

the cerebral cortex (especially cingulate and entorhinal 
cortices), olfactory bulb, and autonomic nervous sys- 
tem. Degeneration of hippocampal structures and cho- 
linergic cortical inputs contribute to the high rate of 
dementia that accompanies PD, particularly in older pa- 
tients. However, the clinical correlates of lesions to the 
serotonergic and noradrenergic pathways are not as 
clearly characterized as are lesions in the dopaminergic 
systems. Thus, while involvement of these neurochemi- 
cal systems is generally thought to occur in more severe 
or late-stage disease, the temporal relationship of dam- 
age to specific neurochemical systems is not well estab- 
lished. For example, some patients develop depression 
months or years prior to the onset of PD motor symp- 
toms, which could be due to early involvement of nondo- 
paminergic pathways. 

In life, the diagnosis of PD is made on clinical grounds, 
but definite diagnosis requires the identification of both 
LB and SNpc dopaminergic neuron loss. LBs are not 
specific for PD, however, and are also found in AD, in 
a condition called "dementia with LB disease," and as 
an incidental pathologic finding in people of advanced 
age at a greater frequency than the prevalence of PD 
(Gibb and Lees, 1988). The role of LB in neuronal cell 
death is controversial,' as are the reasons for their in- 
creased frequency in AD and the relationship of inciden- 
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tal LB to the occurrence of PD. LBs are spherical eosino- 
philic cytoplasmic protein aggregates composed of 
numerous proteins (Figure 1C), including a-synuclein, 
parkin, ubiquitin, and neurof ilaments, and they are found 
in all affected brain regions (Forno, 1996; Spillantini et 
a!., 1998). LBs are more than 15 jji,m in diameter and 
have an organized stmcture containing a dense hyaline 
core surrounded by a clear halo. Electron microscopy 
reveals a dense granulovesicular core surrounded by a 
ring of radiating 8-10 nm fibrils (Duffy and Tennyson, 
1965; Pappolla, 1986). 

Etiology of PD 
The cause of sporadic PD is unknown, with uncertainty 
about the role of environmental toxins and genetic fac- 
tors. The environmental toxin hypothesis was dominant 
for much of the 20* century, especially because of the 
example of postencephalitic PD (as described in the 
Oliver Sacks' book Awakenings) and the discovery of 
MPTP-induced parkinsonism. However, the discovery 
of PD genes (reviewed in "Gene-Based Models" section 
below) has renewed interest in hereditary susceptibility 
factors. Both probably play a role. 

The environmental hypothesis posits that PD-related 
neurodegeneration results from exposure to a dopamin- 
ergic neurotoxin. Theoretically, the progressive neuro- 
degeneration of PD could be produced by chronic 
neurotoxin exposure or by limited exposure initiating a 
self-perpetuating cascade of deleterious events. The 
finding that people intoxicated with MPTP develop a 
syndrome neariy identical to PD (Langston et al., 1983) 
is a prototypic example of how an exogenous toxin can 
mimic the clinical and pathological features of PD. Para- 
quat is structurally similar to 1-methyl-4-phenylpyridin- 
ium (MPP+), the active metabolite of MPTP, and has 
been used as herbicide. Like MPP+, rotenone is also a 
mitochondrial poison present in the environment, and it 
is used as an insecticide and to kill unwanted lake fish. 
Human epidemiological studies have implicated resi- 
dence in a rural environment and related exposure to 
herbicides and pesticides with an elevated risk of PD 
(Tanner, 1992). Yet, there are no convincing data to impli- 
cate any specific toxin as a cause of sporadic PD, and 
chronic environmental exposure to MPP+ or rotenone 
is unlikely to cause PD. MPP+'s quaternary ammonium 
cation prevents its passage across the blood-brain bar- 
rier, and rotenone is so unstable in solution that it only 
lasts a few days in lakes (Hisata, 2002). Still, cigarette 
smoking and coffee drinking are inversely associated 
with the risk for development of PD (Heman et al., 2002), 
reinforcing the concept that some environmental factors 
do modify PD susceptibility. 

Another possibility, which does not fit neatly into a 
genetic or environmental category, is that an endoge- 
nous toxin may be responsible for PD neurodegenera- 
tion. Distortions of normal metabolism might create 
toxic substances because of environmental exposures 
or inherited differences in metabolic pathways. One 
source of endogenous toxins may be the normal metab- 
olism of DA, which generates harmful reactive oxygen 
species (ROS) (Cohen, 1984). Consistent with the endog- 
enous toxin hypothesis is the report that patients harbor- 
ing specific polymorphisms in the gene encoding the 

xenobiotic detoxifying enzyme cytochrome P450 may 
be at greater risk of developing young-onset PD (Sandy 
et al., 1996). Further, isoquinoline derivatives toxic to 
dopaminergic neurons have been recovered from PD 
brains (Nagatsu, 1997). 

Pathogenesis of PD 
Whatever insult initially provokes neurodegeneration, 
studies of toxic PD models and the functions of genes 
implicated in inherited forms of PD suggest two major 
hypotheses regarding the pathogenesis of the disease. 
One hypothesis posits that misfolding and aggregation 
of proteins are instrumental in the death of SNpc dopa- 
minergic neurons, while the other proposes that the 
culprit is mitochondrial dysfunction and the consequent 
oxidative stress, including toxic oxidized DA species. 

The pathogenic factors cited above are not mutually 
exclusive, and one of the key aims of current PD re- 
search is to elucidate the sequence in which they act 
and whether points of interaction between these path- 
ways are key to the demise of SNpc dopaminergic neu- 
rons. Potential points of interaction are diagrammed in 
Figure 2. The finding that oxidative damage to a-synuclein 
can enhance its ability to misfold and aggregate is one 
example of such an interaction (Giasson et al., 2000). 
Another uncertain issue is whether the multiple cell 
death-related molecular pathways activated during PD 
neurodegeneration ultimately engage common down- 
stream machinery, such as apoptosis, or remain highly 
divergent. Cleariy, this issue is of great consequence in 
deciding about possible therapeutic strategies for PD. 
Misfolding and Aggregation of Proteins 
The abnormal deposition of protein in brain tissue is a 
feature of several age-related neurodegenerative dis- 
eases, including PD. Although the composition and loca- 
tion (i.e., intra- or extracellular) of protein aggregates 
differ from disease to disease, this common feature sug- 
gests that protein deposition per se, or some related 
event, is toxic to neurons. 

Aggregated or soluble misfolded proteins could be 
neurotoxic through a variety of mechanisms. Protein 
aggregates could directly cause damage, perhaps by 
deforming the cell or interfering with intracellular traf- 
ficking in neurons. Protein inclusions might also seques- 
ter proteins that are important for cell survival. If so, 
there should be a direct correlation between inclusion 
formation and neurodegeneration. However, a growing 
body of evidence, particularly from studies of Hunting- 
ton disease (HD) and other polyglutamine diseases (Sau- 
dou et al., 1998; Cummings et al., 1999), suggests that 
there is no correlation between inclusion formation and 
cell death. Cytoplasmic protein inclusions may not result 
simply from precipitated misfolded protein but rather 
from an active process meant to sequester soluble mis- 
folded proteins from the cellular milieu (reviewed by 
Kopito, 2000). Accordingly, inclusion formation, while 
possibly indicative of a cell under attack, may be a de- 
fensive measure aimed at removing toxic soluble mis- 
folded proteins (Cummings et al., 1999; Warrick et al., 
1999; Cummings et al., 2001; Auluck et al., 2002). The 
ability of chaperones such as Hsp-70 to protect against 
neurodegeneration provoked by disease-related pro- 
teins  (including  a-synuclein-mediated  dopaminergic 
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neuron loss) is consistent with the view that soluble 
misfoided proteins are neurotoxic (reviewed by Mu- 
chowski, 2002; Auluck et al., 2002). 

In patients with inherited PD, pathogenic mutations 
are thought to cause disease directly by inducing abnor- 
mal and possibly toxic protein conformations (e.g., Bus- 
sell and Eliezer, 2001) or indirectly by interfering with the 
processes that normally recognize or process misfoided 
proteins (the function of genes identified in inhented PD 
is reviewed in the "Gene-Based Models" section below). 
In sporadic PD, there is a similar focus both on direct 
protein-damaging modifications and on dysfunction of 
chaperones or the proteasome that may indirectly con- 
tribute to the accumulation of misfoided proteins. The 
triggers for dysfunctional protein metabolism in spo- 
radic PD are only just beginning to be elucidated. One 
trigger may be oxidative stress, long thought to play a 
key role in the pathogenesis of PD through damage caused 
by ROS (reviewed by Przedborski and Jackson-Lewis, 
2000). The tissue content of abnomially oxidized proteins 
(which may misfold) increases with age (reviewed by 

Beckman and Ames, 1998), and neurons may be particu- 
lariy susceptible because they are postmitotic. In PD, 
LBs contain oxidatively modified a-synuclein, which in 
vitro exhibits a greater propensity to aggregate than 
unmodified a-synuclein (Giasson et al., 2000). Several 
herbicides and pesticides induce misf olding or aggrega- 
tion of a-synuclein (Uversky et al., 2001; Manning-Bog 
et al., 2002; Lee et al., 2002a). There also appears to be 
an age-related decline in the ability of cells to handle 
misfoided proteins (reviewed by Sherman and Goldberg, 
2001). Cells respond to misfoided proteins by inducing 
chaperones, but if not property refolded they are tar- 
geted for proteasomal degradation by polyubiquitina- 
tion. With aging, the ability of cells to induce a variety 
of chaperones is impaired as is the activity of the protea- 
some. Proteasomal dysfunction and the consequent ac- 
cumulation of misfoided proteins may provoke a vicious 
cycle, with excess misfoided proteins further inhibiting 
an already compromised proteasome. Thus, factors that 
have been previously implicated in the pathogenesis of 
PD, including aging and oxidative stress, may converge 
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to generate a proteotoxic insult to cells. The discoveries 
regarding the genetics of inherited PD are consistent 
with this scenario (see below). 
Mitochondrial Dysfunction and Oxidative Stress 
The possibility that an oxidative phosphorylation defect 
plays a role in the pathogenesis of PD was fueled by the 
discovery that MPTP blocks the mitochondrial electron 
transport chain by inhibiting complex I (Nicklas et al., 
1987). Subsequent studies identified abnormalities in 
complex I activity in PD (reviewed by Greenamyre et a!., 
2001). In vitro studies indicate that such a complex I 
defect may subject cells to oxidative stress and energy 
failure. The abnormality of oxidative phosphorylation 
identified in PD is not confined to the brain (Schapira 
et al., 1990), as reduced complex I activity has been 
found in platelets from PD patients (Parker et al., 1989) 
and in cybrid cells (cells lines engineered to contain 
mitochondria derived from platelets of PD patients 
[Swerdlow et al., 1996]). This latter finding suggests ei- 
ther that the observed complex I deficit is inherited from 
the mitochondrial genome or that some systemic toxic- 
ity leads to mutations in mitochondrial DNA. However, 
mitochondrial DNA mutations have not yet been identi- 

fied in PD patients. 
Nearly 100% of molecular oxygen is consumed by 

the mitochondrial respiration, and powerful oxidants are 
normally produced as byproducts, including hydrogen 
peroxide and superoxide radicals. Inhibition of complex 
I increases the production of the ROS superoxide, which 
may form toxic hydroxyl radicals or react with nitric 
oxide to form peroxynitrite. These molecules may cause 
cellular damage by reacting with nucleic acids, proteins, 
and lipids. One target of these reactiv'^ '-      ^-•^- 
the electron transport chain itself (Cohen, 2000), leading 
to mitochondrial damage and further production of ROS. 
Several biological markers of oxidative damage are ele- 
vated in the SNpc of PD brains (reviewed by Przedborski 
and Jackson-Lewis, 2000). Also, the content of the anti- 
oxidant glutathione is reduced in the SNpc of PD brains 
(Sian et al., 1994), consistent with increased ROS, al- 
though this could also indicate a primary reduction of 
protective mechanisms against ROS. 

The presence of ROS would increase the amount of 
misfolded proteins, increasing the demand on the ubi- 
quitin-proteasome system to remove them. Dopaminer- 
gic neurons may be a particularly fertile environment for 
the generation of ROS, as the metabolism of DA produces 
hydrogen peroxide and superoxide radicals, and auto- 
oxidation of DA produces DA-quinone (Graham, 1978), 
a molecule that damages proteins by reacting with cys- 
teine residues. Mitochondria-related energy failure may 
disrupt vesicular storage of DA, causing the free cyto- 
solic concentration of DA to rise and allowing harmful 
DA-mediated reactions to damage cellular macromole- 
cules. Thus, DA may be pivotal in rendering SNpc dopa- 
minergic neurons particularly susceptible to oxidative 
attack. Nevertheless, despite the literature documenting 
mitochondrial dysfunction and indices of oxidative dam- 
age in tissue from PD patients, all of these observations 
are correlative in nature, and the supportive data from 
postmortem studies of PD patients suffers from the fact 
that such specimens primarily consist of glial cells and 
nondopaminergic neurons, as most dopaminergic neu- 
rons die long before these speciniens become available. 

There are no data that convincingly link a prima/y abnor- 
mality of oxidative phosphorylation or ROS generation 
with PD. Furthermore, parkinsonism is rare in many dis- 
eases known to result from mutations directly affecting 
oxidative phosphorylation ("mitochondrial cylopathies"). 
When parkinsonism is encountered in these diseases, 
it is generally accompanied by other symptoms not typi- 
cal of PD. Therefore, many of the oxidative phosphoryla- 
tion and ROS abnormalities documented in PD tissues 
could be nonspecific features of dying cells. 
Mode of Cell Death 
How do cells ultimately die in PD? Does a common 
downstream pathway mediate all PD-related cell loss, 
or is there significant heterogeneity in the pathways 
activated in different sick neurons in a single patient, or 
among different patients with PD? The answers to these 
questions are important for the rational development of 
therapeutic strategies for PD. In programmed cell death 
(PCD), intracellular signaling pathways are activated to 
cause cell demise. Although physiological PCD is cmcial 
during normal development and as a homeostatic mech- 
anism in some systems (e.g., immune system), dysregu- 
lation of this pathway in the brain may contribute to 
neurodegeneration. Until recently, investigators have 
explored the possibility that PCD occurs in PD autopsy 
specimens by searching for neurons that display fea- 
tures of apoptosis, a morphological correlate of PCD. 
These morphological studies have yielded conflicting 
results (reviewed by Vila and Przedborski, 2003). Com- 
plicating matters, if apoptosis does occur in PD, it may 
be difficult to detect by morphological criteria because 
the rate of neuronal loss may be low (McGeer et al., 

(Raff et al., 1993). In addition, there may be nonapoptotic 
fomis of PCD (Clarke, 1999; Sperandio et al., 2000). 
For these reasons, some studies of PCD in PD have 
measured molecular components of PCD instead of re- 
lying on morphological criteria. For example, investiga- 
tions of the PCD molecule Bax demonstrate an in- 
creased number of Bax-positive SNpc dopaminergic 
neurons in PD (Hartmann et al., 2001a), and compared 
to controls, there is increased neuronal expression of 
Bax in PD, suggesting that these cells are undergoing 
PCD (Tatton, 2000). SNpc dopaminergic neurons with 
Increased expression and subcellular redistribution of 
the anti-PCD protein Bcl-xL and with activated PCD 
effector protease caspase-3 have also been found in 
greater proportion in PD (Hartmann et al., 2000, 2002). 
Other molecular markers of PCD are altered in PD, in- 
cluding the activation of caspase-8 (Hartmann et al., 
2001b) and caspase-9 (Viswanath et al., 2001). Taken 
together, these studies suggest that the PCD machinery 
is activated in postmortem PD tissue. Nevertheless, be- 
cause these studies are single time point-descriptive 
assessments of patient tissue they cannot address 
whether the findings reflect a primary abnormality of 
PCD regulation or an appropriate "suicide" decision by 
injured cells damaged by one of the processes reviewed 
above. 

Modeling PD In Animals 
While recent genetic discoveries have led to significant 
insight into molecular pathways of likely importance in 
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PD pathogenesis, these discoveries have not contrib- 
uted to an understanding of other important aspects of 
the disease. Why is there a relatively selective loss of 
dopaminergic neurons in PD? Is the toxicity provol<ed 
by these disease alleles a cell-autonomous effect in 
dopaminergic neurons? What is the role of aging in both 
sporadic and inherited PD, or posed differently, why 
does it take many decades even for inherited PD to 
develop? Does pharmacological or genetic manipula- 
tion of the ubiquitin-proteasome pathway prevent (or 
provoke) dopaminergic neurodegeneration? Do the dif- 
ferent genetic forms of PD display unique responses to 
cell-based (e.g., stem cell) or pharmacological thera- 
pies? What is the relationship between the neurodegen- 
eration provoked by disease allele-related pathways 
and that occurring in sporadic PD? Although aspects 
of these questions can be assessed in PD patients, 
postmortem tissue, and in vitro systems, it is clear that 
these and related questions will be addressed most 
powerfully in animal models. 

The crucial requirement for a disease gene-based 
model of PD (also referred to as an "etiologic model") 
is the adult onset of relatively specific and progressive 
dopaminergic neuron degeneration. A behavioral corre- 
late of the nigrostriatal dopaminergic pathway degener- 
ation is also desirable but, in rodents, will not likely 
parallel the motor deficits of PD because rodents do not 
develop typical parkinsonism. Altematively, behaviors 
that involve striatal function, such as habituation to a 
novel environment or the ability to learn a stimulus- 
response paradigm, may be useful in assessing the stria- 
tal dopaminergic function. Because motor system orga- 
nization differs in rodents and humans, the value of a 
particular behavioral phenotype depends upon its rela- 
tionship to striatal dopaminergic function rather than 
apparent similarity to a symptom of PD. Specifically, 
behaviors claimed to result from striatal DA deficiency 
should improve with DA replacement. The formation of 
LBs is also a desirable but not essential feature. While 
LBs are characteristic of PD, they are not specific, are 
not found in a minority of clinically defined PD cases, 
and are not seen in parkin-related PD. 

Other valuable approaches to modeling PD in animals 
do not depend on disease-related genes. These "patho- 
logic models" use toxins or non-PD-related genetic mu- 
tations (Kostic et al., 1997) to mimic the selective degen- 
eration of dopaminergic neurons or exploit the loss of 
dopaminergic neurons that normally occurs in rodents 
during eariy posinatai dev/eiopnient {fviacaya ci ai., 1994; 
Jackson-Lewis et al., 2000). These strategies are based 
on the premise that dopaminergic neurons have a ste- 
reotyped death cascade that can be activated by a range 
of insults or developmental signals. Clearly defining this 
cascade of events may lead to the identification of new 
molecules of potential relevance to PD pathogenesis or 
treatment. Most notable is the MPTP model, partially 
because of the striking similarity between PD and indi- 
viduals intoxicated with MPTP. Finally, "symptomatic" 
or "pathophysiologic" models recapitulate the motor 
symptoms of PD and are used to develop symptomatic 
therapies or to study circuit-related questions. Only non- 
human primates accurately mimic the motor symptoms 
of PD and are therefore the only suitable animal for such 
studies. 

The remainder of this review will focus on pathologic 
and genetic animal models of PD. We will first review 
toxin-induced models, with an emphasis on the MPTP 
model, to date the best characterized of this class. We 
will then focus on PD genes and review early attempts 
to exploit them to better model the disease. 

Toxin-Based Models 
Among the neurotoxins used to induce dopaminergic 
neurodegeneration, 6-hydroxydopamine (6-OHDA), MPTP, 
and more recently paraquate and rotenone have re- 
ceived the most attention. Presumably, all of these tox- 
ins provoke the formation of ROS. Rotenone and MPT^P 
are similar in their ability to potently inhibit complex I, 
though they display significant differences, including, 
importantly, their ease of use in animals. Only MPTP is 
clearly linked to a form of human parkinsonism, and it 
is thus the most widely studied model. 
6-Hydroxydopamine 
6-hydroxydopamine, the first animal model of PD asso- 
ciated with SNpc dopaminergic neuronal death, was 
introduced more than 30 years ago (Ungerstedt, 1968). 
Although 6-OHDA-induced pathology differs from PD, 
it is still extensively used. 6-OHDA-induced toxicity is 
relatively selective for monoaminergic neurons, re- 
sulting from preferential uptake by DA and noradrener- 
gic transporters (Luthman et al., 1989). Reminiscent of PD, 
there is a range of sensitivity to 6-OHDA between the 
ventral midbrain dopaminergic neuronal groups; greatest 
loss is observed in the SNpc, while tuberoinfundibular 
neurons are almost completely resistant (reviewed by 
Jonsson, 1980). Inside neurons, 6-OHDA accumulates in 
the cytosol, generating ROS and inactivating biological 
macromolecules by generating quinones that attack nu- 
cleophilic groups (reviewed by Cohen and Wemer, 1994). 

Because 6-OHDA cannot cross the blood-brain bar- 
rier, it must be administered by local stereotaxic injec- 
tion into the substantia nigra, median forebrain bundle 
(MFB; which carries ascending dopaminergic and sero- 
tonergic projections to the forebrain), or striatum to tar- 
get the nigrostriatal dopaminergic pathway (Javoy et 
al., 1976; Jonsson, 1983). After 6-OHDA injections into 
substantia nigra or the ,V1FB, dopaminergic neurons start 
degenerating within 24 hr and die without apoptotic 
morphology (Jeon et al., 1995). When injected into the 
striatum, however, 6-OHDA produces a more protracted 
retrograde degeneration of nigrostriatal neurons, which 
lasts for 1 -3 y/eeks (Saner and Oertel, 1994; Przedborski 
et al., 1995). So far, however, none of the modes of 
6-OHDA intoxication have led to the formation of LB- 
like inclusions. For striatal stereotaxic lesions, 6-OHDA 
is injected unilaterally, with the contralateral side serving 
as control (Ungerstedt, 1971). These injections produce 
an asymmetric circling behavior in the animals, the mag- 
nitude of which depends on the degree of the nigrostria- 
tal lesion (Ungerstedt and Arbuthnott, 1970; Hefti et al., 
1980; Przedborski et al., 1995). The unilateral lesion can 
be quantitatively assayed; thus, a notable advantage of 
this model is the ability to assess the anti-PD properties 
of new drugs (Jiang et al., 1993) and the benefit of trans- 
plantation or gene therapy to repair the damaged path- 
ways (Bjorklund et ai., 2002). However, it is not clear 
whether the mechanism by which 6-OHDA kills dopa- 
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Figure 3. Structural Similarity between Paraquat and MPP+ 

The only difference between these two compounds is the second 
W-methyl-pyridinium group that paraquat has instead of the phenyl 
group as seen in MPP+. 

minergic neurons shares key molecular features with 
PD. 
Paraquat 
The herbicide paraquat (N,N'-dimethyl-4-4'-bipiridi- 
nium) also induces a toxic model of PD. As noted above, 
paraquat shows structural similarity to MPP+ (Figure 3) 
and is present in the environment. Exposure to paraquat 
may confer an increased risk for PD (Liou et al., 1997). 
However, paraquat does not easily penetrate the blood 
brain barrier (Shimizu et al., 2001), and its CNS distribu- 
tion does not parallel any known enzymatic or neuroana- 
tomic distribution (Widdowson et al., 1996a, 1996b). The 
toxicity of paraquat appears to be mediated by the for- 
mation of superoxide radicals (Day et al., 1999). Sys- 
temic administration of paraquat to mice leads to SNpc 
dopaminergic neuron degeneration accompanied by 
a-synuclein containing inclusions, as well as increases 
in a-synuclein immunostaining in frontal cortex ^Man- 
ning-Bog et al., 2002; McCormack et al., 2002). This 
study was the first to include stereologic cell counts to 
assess neurodegeneration, which may explain why the 
investigators found clear evidence of cell loss, com- 
pared to earlier inconsistent reports (Broods et al., 1999; 
Thiruchelvam et al., 2000a, 2000b). It remains to be seen 
whether the dopaminergic toxicity is selective or 
whether other cell types are similarly affected. Regard- 
less of the outcome of those investigations, the ability 
to induce dopaminergic neuronal loss and a-synuclein- 
positive inclusions in a reliable fashion may prove valu- 
able for studies of the role of o-synuclein in neurodegen- 
eration. 
Rotenone 
Rotenone is the most potent member of the rotenoids, 
a family of natural cytotoxic compounds extracted from 
tropical plants; it is widely used as an insecticide and 
fish poison. Rotenone is highly lipophilic and readily 
gains access to all organs (Talpade et al., 2000). Rote- 
none binds (at the same site as MPP+) to and inhibits 
mitochondrial complex I. 

As discussed in the section on the etiology of PD, epide- 
miological studies suggest that exposure to pesticides 
may be a risk factor. Greenamyre and colleagues reported 
that the administration of low-dose intravenous rotenone 
to rats produces selective degeneration of nigrostriatal 
dopaminergic neurons accompanied by a-synuclein-posi- 
tive LB-like inclusions (Betarbet et al., 2000). Because 
rotenone may freely enter all cells, this study suggested 
that dopaminergic neurons are preferentially sensitive 
to complex I inhibition. Rotenone-intoxicated animals 

developed abnonnal postures and slowness of movement, 
but it is unknown whether these features improved with 
levodopa administration. Nevertheless, this model was 
the first to link an environmental toxin of possible rele- 
vance to PD to the pathologic hallmark of a-synuclein 
aggregation, an association also seen in cell culture 
studies (Uversky et al., 2001; Sherer et al., 2002; Lee et 
al., 2002a). 

In contrast to the findings of Betarabet and colleagues, 
acute intoxication with rotenone seems to spare dopa- 
minergic neurons (Ferrante et al., 1997). Furthermore, a 
subsequent study of rats chronically infused with rote- 
none demonstrated significant reductions in striatal 
DARPP-32-positive, cholinergic, and NADPH diapho- 
rase-positive neurons (Hoglinger et al., 2003). These re- 
sults suggest that rotenone exerts a more widespread 
neurotoxicity than originally proposed, challenging the 
concept that dopaminergic neurons display preferential 
sensitivity to complex I inhibition (Betarbet et al., 2000). 
In addition, the use of rotenone in rodents is technically 
challenging (Betarbet et al., 2000). Nevertheless, the 
characteristic of LB-associated dopaminergic neurode- 
generation in this model should enable investigators 
to perform a novel series of experiments exploring the 
relationship between aggregate formation and neuronal 
death. 
MPTP: False Narcotic, Real Parkinsonian Toxin 
In 1982, young drug users developed a rapidly progres- 
sive parkinsonian syndrome traced to intravenous use 
of a street preparation of 1 -methyl-4-phenyl-4-propion- 
oxypiperidine (MPPP), an analog of the narcotic meperi- 
dine (Demerol) (Langston et al., 1983). MPTP was the 
responsible neurotoxic contaminant, inadvertently pro- 
duced during the illicit synthesis of MPPP in a basement 
laboratory. In humans and monkeys, MPTP produces 
an irreversible and severe parkinsonian syndrome char- 
acterized by all of the features of PD, including tremor, 
rigidity, slowness of movement, posturai instability, and 
freezing. In MPTP-intoxicated humans and nonhuman 
primates, the beneficial response to levodopa and de- 
velopment of long-term motor complications to medical 
therapy are virtually identical to that seen in PD patients. 
Also similar to PD, the susceptibility to MPTP increases 
with age in both monkeys and mice (Rose et al., 1993; 
Irwin et al., 1993; Ovadia et al., 1995). 

The data regarding the comparison between PD- and 
MPTP-related neuropathology derive largely from MPTP 
studies in monkeys (Forno et al., 1993), because only 
four human MPTP cases have come to autopsy (Davis 
et al., 1979; Langston et al., 1999). These studies show 
that, as in PD, monkeys treated with low-dose MPTP 
exhibit preferential degeneration of putamenal versus 
caudate dopaminergic nerve terminals (Moratalla et al., 
1992). Similarly, MPTP damages the dopaminergic path- 
ways in a pattern similar to that seen in PD, including 
relatively greater cell loss in the SNpc than the VTA and 
a preferential loss of neurons in the ventral and lateral 
segments of the SNpc (Sirinathsinghji et al., 1992; Varas- 
tet et al., 1994); this regional pattern is also found in 
MPTP-treated mice (Seniuk et al., 1990; Muthane et al., 
1994). Also reminiscent of PD (Hirsch et al., 1988), dopa- 
minergic neurons that contain neuromelanin are more 
susceptible to MPTP-induced degeneration (Herrero et 
al., 1993). Neuromelanin may contribute neurodegenera- 
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tion in PD and MPTP-treated monkeys by catalyzing 
ROS formation through an interaction with iron selec- 
tively in pigmented neurons (Zecca et al., 2001). A variety 
of organic molecules interact with neuromelanin, includ- 
ing pesticides, MPTP, and r^PP+ (D'Amato et al., 1986), 
so it may contribute to toxicity of pigmented neurons 
by acting as a depot for toxic compounds. 

The monkey MPTP model does not include two char- 
acteristic features of PD. First, neurons are not consis- 
tently lost from other monaminergic nuclei, such as the 
locus coeruleus, a typical feature of PD (Forno et al., 
1986,1993). Second, although intraneuronal inclusions 
resembling LBs have been described {Fomo et al., 1986), 
classical LBs have not been demonstrated convincingly 
in the brains of MPTP-intoxicated patients or monkeys 
(Forno et al., 1993). These cases were exposed to acute 
regimens of MPTP, so the lack of LB-like formation in 
MPTP-intoxicated humans and monkeys may reflect the 
fact that in these cases dopaminergic neurons were 
rapidly injured. Chronic infusion of rotenone does pro- 
duce intraneuronal a-synuclein-containing proteina- 
cious aggregates (Betarbet et al., 2000), consistent with 
the possibility that the speed of intoxication may influ- 
ence the subsequent neuropathologic features. 

Despite these neuropathologic shortcomings, the 
monkey MPTP model is the gold standard for the as- 
sessment of novel strategies and agents for the treat- 
ment of PD symptoms. For example, electrophysiologic 
studies of MPTP monkeys revealed that hyperactivity 
of the subthalamic nucleus is a key factor in the genesis 
of PD motor dysfunction (Bergman et al., 1990). This 
seminal discovery led to the targeting of this structure 
using chronic high-frequency stimulation procedures 
(also called deep brain stimulation) to effectively amelio- 
rate the motor function of PD patients whose symptoms 
cannot be further improved with medical therapy (Li- 
mousin et al., 1998). In addition, MPTP-treated monkeys 
(Gash et al., 1996; Kordower et al., 2000) were used to 
demonstrate that the delivery of glial-derived neuro- 
trophic factor (GDNF) both significantly limits MPTP- 
induced nigrostriatal dopaminergic neurodegeneration 
and can lead to behavioral recovery when given to pre- 
viously lesioned animals (Kordower et al., 2000). These 
studies fonn the basis for current attempts to use GDNF 
in PD patients (Gill et al., 2003). Because of practical 
considerations, MPTP monkeys have not generally been 
used to explore the molecular mechanisms of dopamin- 
ergic neurodegeneration; the MPTP mouse model is typ- 
ically used for such studies. 

MPTP Metabolism and PD Neurodegeneration Selec- 
tivity. Since the initial discovery of MPTP-induced par- 
kinsonism, much has been teamed about the molecular 
pathway used by this toxin, as illustrated in Figure 4. 
Importantly, this knowledge enables investigators to use 
MPTP as a biological probe to explore the functions of 
PD genes and dissect the molecular events that occur 
during neurodegeneration of dopaminergic neurons. For 
example, mice mutant for PD genes (or other genes of 
possible relevance to dopaminergic neuronal death) can 
be injected with MPTP, and if these mice display mark- 
edly enhanced or suppressed dopaminergic neuronal 
death, one can then investigate which of the known 
molecular targets of MPTP are altered. 

After systemic administration, MPTP, which is highly 

MPTP 

Figure 4. Schematic Representation of MPTP Metabolism 

After systemic administration, MPTP crosses the blood-brain bar- 
rier. Once In the brain, MPTP is converted to MPDP+ by MAO-B 
within nondopamlnergic cells, such as glial cells and serotonergic 
neurons (not shown), and then to MPP+ by an unknown mechanism 
(?). Thereafter, MPP+ is released, again by an unknown mechanism 
(?), into the extracellular space. MPP+ is concentrated into dopa- 
minergic neurons via the dopamine transporter (DAT). 

lipophilic, crosses the blood-brain barrier within minutes 
(Markey et al., 1984). Once in the brain, the pro-toxin 
MPTP is oxidized to 1 -methyl-4-phenyl-2,3-dihydropyri- 
dinium (MPDP+) by monoamine oxidase B (MAO-B) in 
glia and serotonergic neurons, the only cells that contain 
this enzyme. It is then converted to MPP+ (probably by 
spontaneous oxidation), the active toxic molecule, and 
released by an unknown mechanism into the extracellu- 
lar space. Since MPP+ is a polar molecule, it depends 
on the plasma membrane can-iers to enter cells. MPP+ 
is a high-affinity substrate for the DAT, as well as for 
norepinephrine and serotonin transporters (Javitch et 
al., 1985; Mayer et al., 1986). Pharmacological inhibition 
or genetic deletion of DAT prevents MPTP-induced do- 
paminergic damage (Javitch et al., 1985; Bezard et al., 
1999), demonstrating the obligatory character of this 
step in MPTP neurotoxicity. However, uptake by DAT 
does not entirely explain the selectivity of the nigrostria- 
tal dopaminergic lesion caused by MPTP. While there 
are quantitative differences in DAT expression between 
more susceptible SNpc neurons and less susceptible 
VTA neurons in monkeys (Haber et al., 1995), differences 
in DA uptake activity of comparable magnitudes be- 
tween rats and mice and among mouse strains do not 
con-elate with differences in MPTP sensitivity (Giovanni 
et al., 1991,1994). Furthermore, while MPP+ is concen- 
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Figure 5. Schematic Representation of 
MPP+ Intracellular Pathways 

Inside dopaminergic neurons, MPP+ can fol- 
low one of three routes: (1) concentration into 
mitochondria through an active process 
(toxic); (2) interaction with cytosolic enzymes 
(toxic); (3) sequestration into synaptic vesi- 
cles via the vesicular monoamine trans- 
porters (VMAT; protective). Within 3 mito- 
chondria, MPP+ blocks complex I (X), which 
Interrupts the transfer of electrons from com- 
plex I to ubiquinone (Q). This perturbation en- 
hances the production of reactive oxygen 
species (not shown) and decreases the syn- 
thesis of ATP. 

MPP+ MPP"* 

trated in {Speciale et al., 1998) and produces biochemi- 
cal alterations in all monoaminergic neurons (Burns et 
al., 1983; Hallman et al., 1984; Wallace et al., 1984; Rose 
et al., 1993; Ovadia et al., 1995), degeneration is most 
prominent in dopaminergic neurons. In this regard, it is 
particularly striking that the highest levels of MPP-i- are 
found in the adrenal medulla without causing the loss 
of chromaffin cells (Reinhard et al., 1987). 

Inside neurons (Figure 5), IVIPP-I- can follow at least 
three routes: (1) it can bind to the vesicular monoamine 
transporter-2 (VMAT2), which translocates MPP+ into 
synaptosomal vesicles (Liu et al., 1992); (2) it can be 
concentrated within the mitochondria by a mechanism 
that relies on the mitochondrial transmembrane poten- 
tial (Ramsay and Singer, 1986); and (3) it can remain in 
the cytosol to interact with cytosolic enzymes, espe- 
cially those carrying negative charges (Klaidman et al., 
1993). Vesicular sequestration of MPP+ appears to pro- 
tect cells from MPTP-induced neurodegeneration by se- 
questering the toxin and preventing it from accessing 
mitochondria, its likely site of action (see below). The 
importance of vesicular sequestration has been estab- 
lished by a number of experiments, including those 
showing that cells transfected to express greater den- 
sity of VMAT2 are converted from MPP+-sensitive to 
MPP+.resistant cells (Liu et al., 1992) and that heterozy- 
gous VMAT2 null mice display enhanced sensitivity to 
MPTP-induced neurodegeneration (Takahashi et al., 
1997). It appears that the ratio of DAT to VMAT2 expres- 
sion predicts the likelihood of neuronal degeneration 
both in PD and the MPTP model. For instance, the puta- 
menal dopaminergic terminals, which are most severely 
affected by both MPTP and PD, have a higher DAT/ 
VMAT2 ratio than those in the caudate, which are less 
affected (Miller et al., 1999). 

Mechanisms of Nigrostriatal Neurodegeneration: 
Hints from MPTP. Once inside the mitochondria, MPP+ 
impairs oxidative phosphorylation by inhibiting the mul- 
tienzyme complex I of the mitochondrial electron trans- 
port chain (Nicklas et al., 1985). This blockade rapidly 
leads to decreases in tissue ATP content, particularly 
in the striatum and ventral midbrain (Chan et al., 1991; 

Fabre et al., 1999), the brain regions the most sensitive 
to MPTP. In vitro experiments in mitochondria isolated 
from whole brain demonstrate that complex I activity 
must be inhibited by '-'70% to significantly impair ATP 
production (Davey and Clark, 1996), but data from PD 
postmortem tissues demonstrate only a ^^40% inhibition 
of complex I activity (Schapira et al., 1990). Interestingly, 
in vitro experiments with synaptic-derived mitochondria 
demonstrate that significant ATP depletion results from 
as little as ~25% inhibition of complex I (Davey et al., 
1998), indicating a much tighter functional relationship 
between complex I activity and ATP production in syn- 
aptic than in somatic mitochondria. Thus, mitochondria 
from phenotypically distinct neuronal populations may 
be differentially affected in PD, and the current approach 
of assessing mitochondrial function in specimens from 
whole tissue may not depict accurately abnormalities 
present in only a minority of cells. Furthermore, even 
the small alterations in complex I activity observed in 
PD may be particularly harmful to dopaminergic nerve 
terminals, which are rich in synaptic mitochondria. 

Another early effector of complex I inhibition due to 
MPP+ may be oxidative stress. Indeed, by hampering 
the flow of electrons through complex I, MPP-i- can 
stimulate the production of ROS, especially superoxide 
(Hasegawa et al., 1990, 1997). MPP+ effects on mito- 
chondria can also indirectly stimulate the production of 
ROS by triggering DA leakage from synaptic vesicles to 
the cytosol, likely due to the inability of VMAT2 to main- 
tain concentration gradients in the face of the ATP deple- 
tion (reviewed by Johnson, 1988). Findings from in vivo 
studies provide support for the importance of ROS in 
MPTP-induced neurodegeneration. Mice transgenic for 
superoxide dismutase-1 (S0D1), a key ROS scavenging 
enzyme, are resistant to MPTP-induced dopaminergic 
neuron degeneration (Przedborski et al., 1992), and 
other studies in mice imply a key role for reactive spe- 
cies, including NO, as critical effectors in MPTP toxicity 
(reviewed by Przedborski and Vila, 2003; Przedborski et 
al., 2003). 

Alterations in energy metabdiism and generation of 
ROS peak within hours of MPTP administration, days 
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before overt neuronal death has occurred (Jackson- 
Lewis et al., 1995). Therefore, these initial events are 
not lil<ely to directly l<ill most cells but rather set into 
play downstream cellular events that ultimately kill most 
dopaminergic neurons (Mandir et a!., 1999; Saporito et 
al., 2000; Vila et a!., 2001). 

Prolonged administration of low to moderate doses 
of MPTP to mice leads to morphologically defined apo- 
ptosis of SNpc dopaminergic neurons (Tatton and Kish, 
1997). Under this regimen of MPTP intoxication, Bax, a 
potent PCD agonist and member of the Bcl-2 family, is 
upregulated in SNpc dopaminergic neurons (Vila et al., 
2001). Bax upregulation coincides with its translocation 
to mitochondria, mitochondrial release of cytochrome 
c (an electron earner and a mediator of PCD), and activa- 
tion of caspases 9 and 3 (Viswanath et al., 2001). At the 
same time, PCD antagonists such as Bcl-2 are downreg- 
ulated in the SNpc (Vila et al., 2001). Consistent with 
these observations, Bax null and Bcl-2 transgenic mice 
are both resistant to MPTP neurotoxicity (Yang et al., 
1998; Offen et al., 1998; Vila et al., 2001). 

How MPTP provokes these changes in Bcl-2 family 
members remains to be elucidated. MPTP causes oxida- 
tive damage to DNA (Mandir et al., 1999; Mandavilli et 
al., 2000), which may be important in inducing Bax via 
p53 activation. The tumor suppressor protein p53 is one 
of the few molecules known to regulate Bax expression 
and is activated by DNA damage. Furthermore, pharma- 
cological inhibition of p53 attenuates MPTP-induced 
Bax upregulation and the subsequent SNpc dopaminer- 
gic neuron death (Duan et al., 2002), and p53 null mice 
are resistant to MPTP-induced neurodegeneration 
(Trimmer etal., 1996). 

Activation of the JNK pathway following DNA damage 
is required in vitro for Bax mitochondrial translocation 
and the ensuing recruitment of the mitochondrial apo- 
ptotic pathway (Ghahremani et al., 2002; Lei et al., 2002). 
Activation of the JNK pathway follows MPTP administra- 
tion (Saporito et al., 2000; Xia et al., 2001), and pharma- 
cological blockade of JNK (Saporito et al., 1999) or ade- 
noviral-directed expression of the JNK binding domain 
of JNK-interacting protein-1 P<ia et al., 2001) results in 
marked attenuation of MPTP-induced SNpc dopaminer- 
gic cell death. 

Approaches aimed at inhibiting PCD at a more down- 
stream level, such as by interfering with activation of 
caspases, have yielded inconsistent results. Adenoviral 
gene transfer of X chromosome-linked inhibitor of apo- 
ptosis (XIAP), a protein caspase inhibitor, prevents 
MPTP-induced SNpc dopaminergic neuron death, al- 
though it does not prevent the loss of striatal dopaminer- 
gic temiinals (Eberhardt et al., 2000). In contrast, trans- 
genic neuronal expression of the general caspase 
inhibitor protein baculoviral p35 specifically attenuates 
both MPTP-induced neuronal death and DA depletion 
(Viswanath et al., 2001). As with XIAP, some in vitro 
studies suggest that resistance to PCD can be induced 
selectively in the cell body. The broad-spectrum cas- 
pase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoro- 
methylketone and peptide inhibitors of caspases 2, 3, 
and 9 prevent the loss of dopaminergic cell bodies of 
cultured ventral midbrain neurons exposed to MPP+, 
but the neurites are not spared (Bilsland et al., 2002); 
the molecular pathways governing neuronal death may 

differ from those governing axonal destruction (Raff et 
al., 2002). 

MPTP administration also leads to the accumulation 
and nitration of a-synuclein in the cytosol of SNpc dopa- 
minergic neurons (Vila et al., 2000; Przedborski et al., 
2001), and ablation of a-synuclein in mutant mice pre- 
vents MPTP-induced dopaminergic neurodegeneration 
(Dauer et al., 2002). While it is not clear whether 
a-synuclein plays any direct role in regulating PCD, the 
expression of mutant a-synuclein in cell cultures may 
promote apoptosis (Xu et al., 2002), and cytochrome c 
has been reported to stimulate in vitro aggregation of 
a-synuclein (Hashimoto et al., 1999). Collectively, these 
data demonstrate that the activation of PCD is instru- 
mental in MPTP toxicity. They also suggest that PCD 
alterations in PD postmortem samples are of pathologi- 
cal significance and that targeting specific PCD mole- 
cules may be a valuable neuroprotective strategy for 
the treatment of PD (Vila and Przedborski, 2003). 

Gene-Based Models 
As discussed above, uncertainty remains regarding 
which of the molecular events provoked by toxins relate 
to human PD. The discovery of PD genes is particularly 
exciting because theoretically it will allow the generation 
of novel models of definite significance to specific forms 
of the human disease, and evidence is emerging to link 
these genetic forms to idiopathic PD. Here, we will briefly 
review the current state of knowledge of PD genes and 
then discuss early attempts to exploit these discoveries 
to generate novel PD models. 

The rationale for studying rare genetic forms of a com- 
mon sporadic illness is the expectation that the pheno- 
typic similarity between the genetic and sporadic forms 
of the disease indicates that they share important patho- 
genic mechanisms and, consequently, that genetic in- 
formation will help focus research on a key biochemical 
pathway (Figure 2). Indeed, all of the PD genes that have 
been identified and studied in some detail—a-synuclein, 
parkin, and ubiquitin C-terminal hydrolase LI (UCHL- 
1)—appear to participate in the ubiquitin-proteasome 
pathway, a particularly compelling finding considering 
the LB protein aggregates that characterize PD neuropa- 
thology. Although PD-causing mutations in the gene DJ-1 
have only recently been identified, this protein also ap- 
pears to have a potential link to the ubiquitin-protea- 
some pathway (Takahashi et al., 2001). Much of the 
cun-ent research in PD is focused on the normal role 
and functional interaction between these PD proteins 
and how these functions are disrupted by pathogenic 
mutations. Polymorphisms at the parkin and synuclein 
loci may also contribute to the risk of idiopathic PD 
(Farrer et al., 2001), and parkin mutations are found in 
patients without a family history of PD, especially with 
symptom onset before the age of 30 (Lucking et al., 
2000). A number of epidemiological studies suggest that 
single-nucleotide polymorphisms at different loci may 
be associated with PD susceptibility (Martin et al., 2001; 
Li et al., 2002; Zareparsi et al., 2002), but the lack of 
concordance for PD in monozygotic twins argues 
against a strong genetic contribution in sporadic PD 
(Tanner et al., 1999).' 
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Synuclein 
Two missense mutations [Ala^^ — Thr (A53T) and Ala'° — 
Pro (A30P)] in a-synuclein cause dominantly inherited 
PD (Polymeropoulos et a!., 1997; Kruger et a!., 1998). 
Clinical and pathological features typical of PD have 
been found in brains from patients with either mutation, 
although some atypical features have also been noted 
(Kruger et al., 1998; Spira et al., 2001). Mutations in 
a-synuclein have not been found in sporadic PD (Lynch 
et al., 1997; Munoz et al., 1997; Chan et al., 1998), so 
the concept that a-synuclein-mutant and sporadic PD 
share common pathogenic mechanisms rests predomi- 
nantly on the observation that a-synuclein is a major 
component of LBs in sporadic PD (Spillantini et al., 1998). 

The nonnal physiological role of a-synuclein is just 
beginning to be elucidated, and this prevalent presynap- 
tic protein may modulate synaptic vesicle function (re- 
viewed by Kahle et al., 2002). a-Synuclein is widely ex- 
pressed in the nervous system, where it is found in 
presynaptic nerve terminals in close association with 
synaptic vesicles (Maroteaux et al., 1988; George et al., 
1995). It binds reversibly to brain vesicles and compo- 
nents of the vesicular trafficking machinery (Jensen et 
al., 1998,1999,2000). In striatal dopaminergic terminals, 
a-synuclein participates in the modulation of synaptic 
function, possibly by regulating the rate of cycling of 
the readily releasable pool (Abeliovich et al., 2000). 
Downregulation of this protein by antisense oligonucleo- 
tide in hippocampal cell culture is reported to decrease 
the distal pool of synaptic vesicles and alters the expres- 
sion of vesicular-associated proteins in cultured hippo- 
campal glutamatergic neurons (Murphy et al., 2000). 
However, no abnormalities were identified in an exten- 
sive quantitative analysis of synaptic-related proteins 
from either whole-brain homogenates (Schluter et al., 
2003) or hippocampal cultures (Cabin et al., 2002) from 
synuclein null mice. While the ultrastructure of striatal 
synapses appears normal in brain sections from mice 
that lack synuclein (Abeliovich et al., 2000), there may 
be fewer "non-docked" distal synaptic vesicles in hippo- 
campal brain sections from synuclein null mice (Cabin 
et al., 2002). Nevertheless, since quantitative EM studies 
are challenging to perform, this finding awaits confirma- 
tion. Unfortunately, none of the studies of synuclein null 
mice specifically assessed dopaminergic nerve terminal 
synaptic protein expression and morphology; this re- 
mains a significant gap in the characterization of these 
animals. 

Biochemical and biophysical evidence is also consis- 
tent with a role for a-synuclein in cellular membrane 
dynamics. As seen with synaptic vesicles, a-synuclein 
binds to lipid membranes, and this binding changes the 
conformation of the previously unfolded N terminus of 
the protein to a stable a-helical secondary structure 
(Davidson et al., 1998; Eliezer et al., 2001), suggesting 
that membrane binding elicits a functionally important 
alteration in the protein. Additional observations support 
the view that the cellular membrane is a key site of 
a-synuclein action (Pronin et al., 2000; Ahn et al., 2002). 
One membrane-related function of a-synuclein may be 
trafficking proteins to the plasma membrane, as sug- 
gested by the demonstration that a-synuclein could be 
involved in the membrane localization of DAT (Lee et 
al., 2001). 

The fact that a-synuclein is abundant in LBs suggests 
that its propensity to misfold and form amyloid fibrils 
may be responsible for its neurotoxicity in pathological 
situation such as PD and that pathogenic mutations 
endow it with a toxic gain of function. A growing litera- 
ture supports this notion and links the pathogenesis of 
PD to other neurodegenerative diseases that involve 
protein aggregation (reviewed by Goedert, 2001). Mis- 
folding of a-synuclein may interfere with its normal func- 
tions, but it is unlikely that loss of function plays a major 
role in a-synuclein-related neurodegeneration (Abelio- 
vich et al., 2000; Dauer et al., 2002). 

Both wild-type and mutant a-synuclein form amyloid 
fibrils resembling those seen in LBs (Conway et al., 1998; 
Giasson et al., 1999) as well as nonfibrillary oligomers 
(Conway et al., 1998), temned "protofibrils." Since the two 
known pathogenic a-synuclein mutations promote the for- 
mation of protofibrils (Conway et al., 2000), they may be 
the toxic species of a-synuclein. Consistent with this view 
and the association of a-synuclein with synaptic vesicles, 
protofibrils may cause toxicity by permeabilizing synap- 
tic vesicles (Voiles et al., 2001; Lashuel et al., 2002), 
allowing DA to leak into the cytoplasm and participate 
in reactions that generate oxidative stress (reviewed 
above). Furthermore, the selective vulnerability of dopa- 
minergic neurons in PD may derive from the ability of DA 
itself to stabilize these noxious a-synuclein protofibrils 
(Conway et al., 2001). Nevertheless, protofibrils have 
only been observed and studied in vitro, so further work 
will need to explore whether they form in neurons and 
if their fomiation correlates with neurotoxicity. 
Parkin 
Loss-of-function mutations in the gene encoding parkin 
cause recessively inherited parkinsonism (Kitada et al., 
1998). Although this form of parkinsonism was originally 
termed autosomal recessive juvenile parkinsonism, the 
clinical phenotype is now known to include older-onset 
patients (Lincoln et al., 2003). In general, however, parkin 
mutations are found in PD patients with onset before 
age 30, particularty those with a family history consistent 
with recessive inheritance (Mizuno et al., 2001). Clini- 
cally, parkin mutant patients display the classical signs 
of parkinsonism but with marked improvement of symp- 
toms with sleep, abnormal dystonic movements, and a 
striking response to levodopa. Heterozygote mutations 
in parkin may also lead to dopaminergic dysfunction 
and later onset of PD (Hilker et al., 2001; Hedrich et al., 
2002). Pathologically, parkin-related PD is characterized 
by loss of SNpc dopaminergic neurons, but it is not 
typically associated with LBs (Mizuno et al., 2001). 

It is uncertain how loss of parkin function leads to 
dopaminergic neuron degeneration, but clues are 
emerging from the identification of its normal function. 
Parkin, a 465 amino acid protein, contains two RING 
finger domains separated by an in-between RING (IBR) 
finger domain at the C terminus and an ubiquitin-like 
homology domain at the N terminus. The presence of 
an IBR led to the finding that parkin is an E3 ubiquitin 
ligase (Zhang et al., 2000; Shimura et al., 2000), a compo- 
nent of the ubiquitin-proteasome system that identifies 
and targets misfolded proteins to the proteasome for 
degradation (reviewed by Sherman and Goldberg, 2001). 
The upstream ubiquitin ligases (El and E2) cooperate 
nonspecifically to tag misfolded proteins with a single 
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ubiquitin, while E3 ligases confer target specificity by 
binding to specific molecules or classes of molecules 
facilitating the polyubiquitination necessary for tar- 
geting to the proteasome. Many parkin mutations abol- 
ish this E3 ligase activity, suggesting that the accumula- 
tion of misfolded parkin substrates could be responsible 
for the demise of SNpc dopaminergic neurons in PD. 

A number of parkin substrates have been Identified 
(Zhang et al., 2000; Shimura et al., 2001; Chung et al., 
2001; Imai et al., 2001; Staropoli et al., 2003). Some of 
these substrates appear to link parkin and synuclein 
function, and one—cyclin E—links parkin function to a 
molecule previously implicated in neuronal apoptosis. 
Three reports suggest a relationship between parkin and 
synuclein function (Shimura et al., 2001; Petrucelli et al., 
2002) or aggregation (Chung et al., 2001). Notably, the 
E3 ligase activity of parkin modulates the sensitivity of 
cells to both proteasome inhibitor- and mutant sy- 
nuclein-dependent cell death (Petrucelli et al., 2002). 
A number of observations suggest that the functional 
interaction between synuclein and parkin may involve 
the proteasome: synuclein interacts with and may be 
degraded by the proteasome (Ghee et al., 2000; Snyder 
et al., 2003), overexpression of synuclein inhibits the 
proteasome (Stefanis et al., 2001), and mutant synuclein 
increases the sensitivity of cells to proteasome inhibition 
(Tanaka et al., 2001; Petrucelli et al., 2002). Parkin has 
also been found to function in a multiprotein ubiquitin 
ligase complex that ubiquitinates cyclin E (Staropoli et 
al., 2003). Importantly, these investigators also demon- 
strated that there is an accumulation of cyclin E in mid- 
brain extracts from parkin mutant as well as idiopathic 
PD and that in excitotoxin-treated cultured postmitotic 
neurons parkin overexpression attenuates cyclin E ac- 
cumulation and promotes survival. Thus, a number of 
findings are beginning to strengthen the functional links 
between parkin, synuclein, and proteasome function as 
well as to highlight parkin substrates that might play a 
key role in cell death. However, none of the identified 
parkin substrates normally display a pattern of selective 
or enriched expression in dopaminergic neurons. Thus, 
these data have yet to suggest a molecular explanation 
for the relative specificity of dopaminergic neuron de- 
generation in PD. 
Ubiquitin C-Terminal Hydrolase-LI 
A dominant mutation (I93M) in UCH-L1 was identified 
in one family with inherited PD (Leroy et al., 1998), but 
no pathological data were included in this report. This 
enzyme catalyzes the hydrolysis of C-terminal ubiquityl 
esters and is thought to play a role in recycling ubiquitin 
ligated to misfolded proteins after their degradation by 
the proteasome (reviewed by Wilkinson, 2000). Although 
the 193M mutation decreases the activity of this deubi- 
quitinating enzyme, mice null for UCH-L1 do not display 
dopaminergic neurodegeneration (Saigoh et al., 1999). 
Rather, they develop an axonopathy affecting primary 
sensory axons in the gracile nucleus of the medulla, 
whose cell bodies reside in the dorsal root ganglia (Sai- 
goh et al., 1999). Additionally, a polymorphism (S18Y) 
of UCH-L1 appears to be protective for the development 
of PD (Maraganore et al., 1999; Levecque et al., 2001; 
Satoh and Kuroda, 2001). Aside from its deubiquitinating 
function, UCH-L1 exerts a previously unrecognized ubi- 
quitin ligase activity upon dimerization (Liu et al., 2002). 

Both the 193M mutation and the SI BY polymorphism 
alter UCH-L1 ligase activity in a manner consistent with 
the hypothesis that impaired activity of the ubiquitin 
proteasome system is critical in PD pathogenesis: UCH- 
L1 ligase activity is decreased by the pathogenic I93M 
mutation and increased by the protective SI BY polymor- 
phism (Liu et al., 2002). 
DJ-1 
DJ-1 mutations were identified in two consanguineous 
pedigrees with autosomal recessive PD (Bonifati et al., 
2002). One family carried a deletion predicted to abolish 
protein function, while the other harbored a missense 
mutation that results in the insertion of a proline into an 
a-helical region. Expression of this proline mutant form 
of DJ-1 appears to lead to its accumulation in mitochon- 
dria (Bonifati et al., 2002), and DJ-1 has been implicated 
as a cellular monitor of oxidative stress (Mitsumoto and 
Nakagawa, 2001; Mitsumoto et al., 2001). 

Synuclein-Based Models 
All published genetic models of PD have been based 
on a-synuclein, primarily the transgenic overexpression 
of mutant or wild-type forms in mice or flies (Masliah et 
al., 2000; van der Putten et al., 2000; Feany and Bender, 
2000; Matsuoka et al., 2001; Giasson et al., 2002; Lee 
et al., 2002b). In general, these studies demonstrate 
that transgenic overexpression of a-synuclein causes 
neurotoxicity but that a-synuclein ablation is not associ- 
ated with neuropathological changes, supporting the 
notion that PD-causing mutations operate via a toxic 
gain-of-function mechanism. However, a striking disap- 
pointment of the a-synuclein transgenic mice has been 
a complete failure to model dopaminergic neurodegen- 
eration (i.e., actual cell death). Instead, these mice dis- 
play a variety of neuropathologic changes, including 
neuronal atrophy, dystrophic neurites, and astrocytosis 
accompanied by a-synuclein-positive LB-like inclusions. 
Indeed, compared to other neuronal populations, murine 
dopaminergic neurons appear inexplicably resistant to 
a-synuclein-induced neurotoxicity, even in the face of 
marked accumulations of the protein (Matsuoka et al., 
2001; Giasson et al., 2002; Lee et al., 2002b), significantly 
limiting the utility of these models. 

In contrast to the transgenic mouse studies, two 
groups have demonstrated that the injection of human 
a-synuclein expressing viral vectors into the substantia 
nigra of adult rats causes the selective death of dopa- 
minergic neurons accompanied by synuclein-containing 
inclusions and other pathologic changes reminiscent of 
those observed in PD (Kirik et al., 2002; Lo Bianco et 
al., 2002). The reasons for the discrepancy between the 
rat and mouse studies are not clear. Significantly higher 
levels of a-synuclein expression may be achieved with 
the viral vectors, or it may be important that, in contrast 
to transgenic mice, in these models a-synuclein is sud- 
denly overexpressed during adulthood. It is also possi- 
ble that a species-dependent difference in susceptibility 
to a-synuclein toxicity exists between mice and rats. 
While the viral vector approach will be useful for certain 
studies, it has significant limitations. Most importantly, 
because the investigator must generate each individual 
animal, it is technically challenging to produce large 
cohorts of rats that e)ipress similar amounts of protein in 
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a consistent anatomic pattern. Thus, unlike the situation 
with heritable transgenes, each rat is in effect an inde- 
pendent experiment. Furthermore, this approach does 
not allow investigators to take advantage of the large 
number of mouse mutants or genetic strategies avail- 
able in mice that would greatly facilitate the further as- 
sessment of the molecular mechanisms of this sy- 
nuclein-dependent dopaminergic neurodegeneration. 

Overexpression of either wild-type or mutant a-synuclein 
in Drosophila leads to LB-like synuclein-containing inclu- 
sions and loss of dopaminergic neurons, as well as a 
behavioral abnormality that appears to be corrected by 
levodopa or DA agonists (Feany and Bender, 2000; Pen- 
dleton et a!., 2002). This model should be particularly 
useful for genetic screens to identify novel genes in- 
volved in a-synuclein-mediated neurodegeneration. 

While these transgenic studies suggest that a compo- 
nent of cellular toxicity may derive from a-synuclein 
aggregates, the relationship between aggregate forma- 
tion and neurodegeneration is not straightforward. Al- 
though all reports of a-synuclein-related toxicity feature 
a'synuclein-containing aggregates, there exist clear 
examples of dissociation between aggregate formation 
and neurodegeneration. For example, in Drosophila, 
transgenic coexpression of the chaperone Hsp-70 
prevented the dopaminergic neuronal loss caused by 
a-synuclein but did not affect the number of a-synuclein- 
containing aggregates (Auluck et al., 2002), arguing 
against a direct role for inclusions. Similarly, lentiviral- 
mediated expression of wild-type rat a-synuclein in rats 
led to aggregates but no cell loss (Lo Bianco et al., 2002). 
Thus, it is possible that a soluble misfolded species of 
a-synuclein or an increase in normal a-synuclein func- 
tion rather than or in addition to inclusion formation 
contributes to the cellular toxicity observed in some of 
these studies. 

Conclusions and Future Directions 
In the past 20 years, two discoveries have profoundly 
influenced our understanding of PD pathogenesis, pro- 
vided a conceptual framework for novel therapies, and 
spawned an accelerating research effort. First, the dis- 
covery of MPTP-induced PD and subsequent research 
exploring the molecular basis of MPTP-induced neuro- 
degeneration established relationships between mito- 
chondrial function, oxidative stress, and neurodegener- 
ation. Second, the discovery of genetic causes of PD 
and the demonstration that dysfunction of these genes 
probably plays a role in sporadic PD has highlighted the 
importance of protein misfolding-related toxicity as a 
fundamental insult in neurodegeneration. The identifica- 
tion of PD-causing genes has also demonstrated how 
dysfunction of the ubiquitin-proteasome system can 
provoke neurodegeneration, presumably by leading to 
an excess of misfolded proteins. 

Looking forward, a number of goals clearly emerge 
from the discovery of multiple PD-related genes. Future 
work must search for links between the molecular path- 
ways modified by these disease-associated genes. A 
related goal will be to understand the relationship be- 
tween previously identified factors in PD neurodegener- 
ation (e.g., mitochondrial dysfunction, ROS) and the mo- 
lecular events provoked by disease alleles. A specific 

aspect of this work should be to clarify primary initiating 
events from those that may be a nonspecific conse- 
quence of neuronal demise. While the identification of 
PD genes has also allowed the generation of etiologic- 
specific PD animal models, none of these models mani- 
fests the crucial feature of the disease: relatively selec- 
tive degeneration of dopaminergic neurons. This is a 
vital future goal, as it would enable investigators to ex- 
plore the unique features of dopaminergic neurons that 
make them preferentially susceptible to neurodegenera- 
tion in PD as well as to test novel therapies. 
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